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ABSTRACT

The changes in VLF radio noise accompanying a solar flare and its asso-
ciated sudden ionospheric disturbance (SID) are surveyed. The onset timc of the
effects is about 10 minutes, but may be less than 2 minutes for perhaps 5 per-
cent of the incidents. The alteration in propagation conditions implies an in-
crease in noise on frequencies exceeding 20 kc and a decrease below 10 kc. If
a local thunderstorm develops, the time phasing is very similar to that of an

SID incident, but noise at all frequencies is enhanced.

A detailed examination of the formative processes of the lower ionosphere
is made. Values of the rate coefficients for attachment, detachment (photo,
collisional, and associative), electron-ion recombination, and ion-ion rccom-
bination, are deduced for hcights from 40 to 100 km. Ovcr the same height
range, the ionizing contributions due to the major influenccs of cosmic rays,
solar X rays, and solar Lyman « and to certain subsidiary causes arc examined.
The balance equations for the lower ionosphcre are solved for the cases of
equilibrium conditions and of the departure from equilibrium associated with
the approach of night. Two specific examples indicate that contours of electron
density, and thcrefore of ionospheric conductivity, are far from parallel to the
surface of thc earth. It follows that the attenuation cocfficicnt for VLLF propa-
gation by day can differ according to the solar zenith anglc by as much as 20

pcrcent from the mean daytime value,

A model of the solar X-ray flux during a flare is derived and its ionizing
effects examined. The flux peaks in 5 minutes but it is found that the maximum

ionosphceric cficct lags behind, cspecially at the lower heights. Surprisingly
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enough, the persistenee of the added ionization does not inerease monotonieally

with increasing height.

The ionization produeced by an X-ray burst from a nuelear explosion in
space is deduced. Differences in the onset phase, the speetral distribution of
the X rays, and the zenith~angle dependence, as compared with a natural SID,
are demonstrated. The decay of the additional ionization is examined and it is
shown that this often involves three phases: the establishment of an attachment-
detachment balauce, a plateau with little decay, and a final decrease by recom-
bination. An example indicates that if the same amount of extra ionization is
introdueed at heights of 70, 75, and 80 km, then, after about an hour, more of

the additional ionization remains at 70 km than at either of the other heights.
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L. INTRODUCTION

The very-low-frequency (VLF) band in the radio spectrum is officially
defined as covering the frequency range of 3 to 30 ke. Radio waves of thesc
frequencies are norrnally propagated in the quasi-waveguide represented by the
earth and the lowcr ionospherc. The speeial case of the whistler mode [Helliwell
and Morgan (1959)],* in which the VLF signals are guided along a magnetic line

of force and penctrate the ionosphere, will not be eonsidered in this report.

Expcrimental work upon VLF propagation is reasonably consistent in
suggesting that sky waves are reflected from a height of about 70 km by day;
at night the reflection height is some 90 km | Braeewell et al. (1951)]. Also, the
theoretical approach in which the ionosphere is considered to be a homogencous
conductor sharply bounded at the heights quoted above has becn effective in
explaining many of thc major features experimentally observed in VL.F propagation
[ Wait (1957, 1960)]. The model is that of a waveguide in which the walls--
spherically concentric--are formed by the earth and the lower ionosphere: both
of the walls are of uniform finite conductivity. Latcr theorctical work by Wait
(1958) suggests that a better agreement with experimental results is found if an
inereasc of ionization, and hence of conductivity, with penetration into the iono-
spheric boundary is postulated. Howcver, it is still true that the dominant factor

in VLF propagation, especially by day, is the ionization at heights below 100 km.

The lower ionosphere, which may be roughly identified with the D region, is
complicated and far from being cntirely understood. Thc principal ionizing
agencies are cosmic rays and the solar X-ray and Lyman-« (wavelength 1216A)

radiations; the latter are, of course, absent at night. Subsidiary ionization

*References are given at the end of caeh section.




results from the aetion of metcors, of other solar ultraviolet radiations, and of
ineoming particles with origins in the sun or in the van Allen belts around the
carth. The immediate action of the ionizing influences is to produce free
eleetrons and positive ions of molecular or--ahove about 90 km--atomic size.
Subsequently, the electrons may become attached to neutral particles thus
forming ncgative ions; the reverse process of detachment may operate: and there
will be recombination between electrons and positive ions, and also between
positive and negative ions. Under quiet solar conditions, balanee equations, in
whieh all the above processes are rcpresented, can be formulated and solved.
There are, however, many uncertainties in the coeffieients involved. Alsgc, it

is quite possible that ions of larger size than single moleeules are present in the
lowcr ionosphere, a fact that would further complicate thc balance cquations. It
is known that above 90 km the ions are of molecular or atomic charactex: at 30
km the dominant ion is the small or cluster ion of atmospheric electricity con-
sisting of a single molecular ion surrounded by a group of perhaps 4 to 12

neutral molecules: the height at which the transition from cluster ions to molecular

ions takes plaec remains uncertain.

Whern a flare is observed upon the sun, normally in the light of the hydrogen
Il line (6563A), a sudden ionospheric disturbance (SID) usually follows within a
few minutes. The SID is almost certainly duc to an enhancement, associated
with the flare, cspeeially of the sclar X-ray flux { Friecman (1959)j. Additional
ionization is produeed in the ionosphere, this being detectable in several ways:
for example, a sharp kick known as a crochet oceurs upon records of the earth' s
magnetic field. There ar= also pronounced absorption =ffeets upon radiowaves
passing through the D rcg:on; this is because the absorption coeificient for sueh
nondeviating waves is proportional to the produet of cleetron density, N, and
clectron collisional frequency, v, so that the increase in N represents an
intensified absorption. The absorption is usuaiiy dctected in two ways. Sources
of cosmic noise may be monitored, normally at a frequency (about 20 Me)

slightly above the lower limit that would penectrate the F layer; the drop in




signal accompanying an SID is then often referred to as a sudden cosmic noise
absorption (SCA or SCNA). Alternatively, signals generated by ground-hased
transmitters, at frequenecies (3-15 Me) that are usually reflected from one of
the ionospherie layers above D (E or I), may be observed. In this case there
is a multiple path through the D region and the absorption prociucc.c. a short-

wave fade-out (SWF),

The cffeets of an SID upon VLF propagation are also marked. Here the
influence of the inereased ionization is to depress the lower boundary of the
D region and thus to narrow the earth-ionosphere waveguide from its normal
daytime dimension of 70 km. At the same time, the conduetivity of the iono-
sphere may be enhanced. There are two prineipal SID phenomena detectable
at VLF. The first of these is the sudden phase anomaly (SPA); when the phase
of a long-wave transmitter is continuously monitored, a rapid change, resulting
from the lowering of the refleetion points for sky waves, is observed. Seecondly,
an SID alters the propagation characteristie of the carth-ionosphere waveguide
so that the attenuation of some {requencies in the VLT band (3-30 ke) is inercased
while that of others is diminished. The changes are most eonveniently detecicd
by recording the radio-noise or VLF atmospheries generated by lightning: this
source radiates at all frequencies in the VLF band so that the influence of the
SID can be determined as a funetion of {requency. The phenomenon is often
referred to as a sudden enhancement of atmospheries (SEA), although this de-
scription is somewhat misleading: the enhaneement is only at eertain frequencies

while at others there is a deerease in signal strength,

This report represents Part 1 of the Final Report under U. S. Air Foree
Contract AF 49(638)-1081. The complete Final Report will be eoneerned with
various aspeets of the interrelation between an SID, either of natural or man-
made origin, and the associated changes in attenuation coefficients for propaga-
tion at frequencices within the VLF band. The SEA phenomenon will receive

principal aftention, This report (Part I) considers two main subjeets. First,




the phenomenology of a natural SID and its associated ehanges in VLF radio
noise are discussed., Seccond, a model of the lower ionosphere and of its changes
under various conditions is derived; in particular, variations during an SID and
following a nuclear explosion in spaee are considered. The application to VLF
propagation is examined. Part II of the Final Report will mainly deal with the
experimental data obtained from an analysis of whistler tapes, and with the
development of simple instruments for monitoring the echanges in VLF radio

noise aeccompanying an SID,
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2. PHENOMENOLOGY O SUDDEN IONOSPHERIC DISTURBANCES
AND THE ASSOCIATED CHANGES IN VLF RADIO NOISE

2.1 INTRODUCTION

The solar outhurst, known as a flare, usually occurs in association with
an active spot-group upon the sun. The flave region, as observed in e light,
brightens and increases in area for 2 fow minutes: subsequently there is a
veturn to normal which may occupy perhaps half an hour. Flares aire classilied
primarily in terms of avea, and the bhasic categories in order ol increasing
importance are denoted by 1. 2, and 5. The supplementary designations 1-, 11,
2+, and 34 are widely employed. Although the classification is hased upon
area, increasing flare importance also implies an increase in total duration.
in the line-width of 1ta at the maximum, and in the intensity of Ha from the
flare region as compared with the continuum from adjicent arcas. ‘These
features are illustrated in Fig. 2.1, When flares are divided into Categories
I, 2, and 3, it is found that 72 percent of the incidents are of the first importance:

25 pereent are in Category 2: and only 3 pereent are classified as larvge flares,

Ito light penetrates to the surface of the carth without effective absorption,
and thus enables the development of a Hare to be readily monitored. However,
any solav vadiations that influence the ionosphere must suffer appreciable
ahsorption there: it Tollows that such radiations arce not ecasily detectable,
excoept in the high atmosphere. Diveet informuation upon their variiation during
an SID must be largely obtained from rocket and--especially --satellite
observations. Little such information is presently available. Inferences from
ionospheric phenomena still supply most of the knowledge regarding the hehavior

of solir ionizing radiations during flares.
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For ionization to be produced secmewhere in the ionosphere, the ionizing
radiation must have a photon energy >9.5 ev, the cnergy representing ionization
of the most easily ionizable moleceule, NO. In tcrms of wavelength, A, this im-
plies a wavelength of less than some 1300A. Within this range the harder X rays
(X<84) and Lyman -« radiation (A= 1216A) are capable of produeing ionization
well below 100 km; the intermediate X-ray and ultraviolet radiations are mostly
absorbed in the E and F regions. Direct evidenee from the NRL roeket program
[ Chubb, Friedman and Kreplin, (1960) | has shown that there is eertainly an en-
haneement of the solar X-ray flux during a flare. The increase extends over a
range of X-ray wavelengths eapable of giving ionization in both the D and E
regions. Also the NRL roeket program has failed to indicate any appreeiable
ehange, associated with a flare, in the Lvman -« flux. No direet evidenee is
available for the wavelength range between Lyman « and X ray, but the obser-
vation, at HF, of flare-induced frequeney shifts, by Kanellakos, Chan, and
Villard (1962), strongly suggests that extra ionization is produeed at heights
between 120 and 200 km. This in turn would imply an inerease inthe ultraviolet

flux in the wavelength range of 100 to 1000 A,

There is little evidenee for the pl .sing of the ionizing radiations with regard
to Ho during a flare. One of the few direet observations was obtained by the solar
satellite SR 1 [Kreplin, Chubb, and Friedman (1962)], for a flare on August 6,
1960. This indicated that the X-ray (<84) flux started to rise at about 1510 U.T.
reaching a maximum at approximately 1513; the Ha start was at 1506 and the
maximum at 1514; and the Lyman -o flux remained constant between 1509 and
1514. The work of Kanellakos et al. (1962) shows that the maximum HF shift
oceurs 1 to 4 minutes before the maximum phase in Hyv. Generally, the avail-
able observations and inferenees are eonsistent in suggesting that any ultraviolet
radiation is likely to preeede the Ho, but that the X-ray and Ho phasing almost
coincide. The hardest (highest-frequeney) X rays are most pronouneced when the
total X-ray intensity is maximum: a similar hardening to maximum with a sub-

scquent softening probably also holds for the ultraviolet flux.




The ionospheric consequences of the ionizing radiations depend, of course,
upon their relative penetration. The VLF effects, namely the SPA and SEA, are
controlled by hard X radiation and the consequent increase in ionization bclow
about 70 km. Phase and frequency changes at megacycle frequencies, on the
other hand, arc causcd by ionization at considerably higher levels, perhaps
even above 150 km [Morriss (1960)]; this is presumably due to ultraviolet
radiation. Absorption is an integrated effect throughout much of the ionosphere
and in consequence the SWF and SCNA phenomena cannot be easily related to

increases in ionization at specific heights.

Since a broad range of ionizing radiations, and consequently of ionospheric
phenomena, is involved in a solar flare, the various effects are, inevitably, not
very closely related. Although there is an interconnection in the average
behavior, as shown, for example, in the straight-line relationship postulated
by Shain and Mitra (1953) between SPA and SCNA magnitudes, there are wide
differences between the individual cases. Some flares, for instancc, give
strong VLF effects, but minor absorption changes; others may show considerable
absorption, but little alteration in VLF propagation. This variability cannot be
overstressed; it is entirely incorrcct to assume that the relative importance of

the ionospheric effects associated with a solar flare is rigidly fixcd.

2.2 SOME SID STATISTICS

The spread in the phenomena accompanying a flare has bcen emphasized
in the preceding section; nevertheless, the average behavior can still be
instructive, particularly if the statistical variability incorporated in the
averaging procedure is also considered. Accordingly, the six-month period
of January-June 1959 was selected and the information available in "Compilations
of Solar-Geophysical Data," CRPL-F, Part B, issued by the National Bureau
of Standards, was examined. Over a hundred incidents were chosen for which

SCNA and SEA statistics (at 27 kc) were availablc, the SEA being regarded as




representative of VLI effecets and the SCNA being considered as indicative of
absorption: in about 50 percent of cases, o flare information could also be
definitely associated with the ionospheric incident. The statistics examined
eonsisted of duration for SCNA, SEA, and Hu flare: the rise time (time from
start to maximum) for the saume three phenomena; the delay in the start of the
SEA and SCNA as compared with that for Ha; and the delay in the maximum of
the SEA and SCNA again as eompared with that for Ho.

The results obtained are shown in Figs. 2.2 to 2,6. They are in fair
agreement (see Table 2.1) with some of the previous work of Ellison (1957,
1960) who tabulated SWF and SEA statistics. The agreement is best for the
two sets of SEA data, and, in view of the faet that both the SWF and SCNA are
basieally absorption effeets, some of the differences indieated between

Ellison's results for SWFs and the present results for SCNAs are suprising.

Certain features of the data are worth mentioning. It seems likely that
the peak in ionospherie phenomena will lag somewhat behind the maximum of
the ionizing radiation, sinee until equilibrium is established between produetion
and dissipation of eleetrons, the effects will be cumulative. It is eertain that
upon eessation of the ionizing flux the ionosphere will take an appreciable
time--depending upon the height eoncerned--to return to normal. Many of the
SID incidents examined show the Ha flare commeneing before either the SEA
or the SCNA, the maximum in the Hoa flux preceding that of the SEA and SCNA,
and the Ha light returning to normal well before complete recovery of the
ionosphere. Sueh ineidents are entirely eompatible with the eoneept that the
variation of the ionizing radiation is closely related to that of He. However,
Fig. 2.4 indieates that in a small but signifieant proportion of instances the
onset of an SCNA or SEA preeedes that of the Ha flare. Furthermore, it is not
uncommon for the SEA and SCNA effcets to have ceased while the Ha emission

is still aetive; in some instanees the duration of the Ha flare may exeeed that
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FIG. 2.6 AVERAGE PHASING OF Ho FLARE, SCNA, AND SEA, DURING AN SID INCIDENT

of the SEA and SCNA by 60 minutes or more. All these considerations confirm
the conelusion that although the He behavior is a guide to that of the ionizing

radiations, there is no exact eorrespondence.

One aspect of SID phenomena that could be instructive as regards the
ionizing radiation involved is the dependenee upon solar zenith angle. Accordingly,
the SCNA incidents for the period March 1958 to September 1961 were examined,
the data being obtained as before from the solar-geophysical compilations of the
NBS. For each occurrence, the solar zenith angle at the time of the SCNA and
the percentage of absorption were obtained for the reporting station, and a plot
(Fig. 2.7) made of the information. (One point was obtained for each SCNA.) 1t
was anticipated that a trend toward increasing absorption with decreasing zenith
angle would be detected: no such trend is apparent on Fig, 2.7, either in the
individual points or in the 10-degree averages. The reason may be that present
SCNA techniques involve threshold levels that tend to mask true variations.
Perhaps the best method of ascertaining the zenith angle dependence in a SCNA
would be to employ results for the same SCNA from several widely dispersed

stations.
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2.3 THE BEHAVIOR DURING AN SEA
2.3.1 Introduction

Almost all the routinc information upon an SEA has been derived
from recordings at a frcquency of 27 ke. Observatorics in most countries
employ an instrument tuned to this frcquency and integrating the received atmos -
pheric noise over a period of a fcw scconds. The enhancements arc reported
upon a regular basis and the rcsults, which involve world-wide coverage, arc
reproduced in publications such as "Compilations of Solar-Geophysical Data"
of NBS, Information upon the behavior of SEAs as a function of frequency is
scanty. Some data arc availablc from research investigations, and the rcsults
from Japan, where it is common practice to record atmosphcric noise continu-

ously upon scveral frequencics, arc cspecially valuable.

2.3.2 The Rise Time of an SEA

The rise times, that is, the time from onsct to maximum, of the
SEAs tahulated in the NBS publications have been examined. In thesc tabulations
each SEA is classcd in terms of magnitude according to the 1, 2, 3, scalc with
intermediatc + or - signs. Ignoring the latter, Fig. 2.8 shows histograms giving
the distribution of the results according to class. The information covcrs the
period from March 1958 to February 1962 and includes 896 SEA incidents. The
mean value of thc rise time increases with class; for SEA incidents of importance
1, 2, and 3, the respective averagc risc times are 10.0, 12.5, and 14.8 minutcs.
The distributions arc not symmetrical but arc skewed in the scnse that small
valucs less than the mean tend to be morc common than large risc times. The
asymmetry seems to be most pronounced for the smaller incidents, but this may
merely rcflect the limited number of largc SEAs. A normal distribution
centcred upon the mcan has been plotted upon each of the histograms: this assists
in cmphasizing the skcewness of the actual obscrvations. The standard dcviations

appropriate to Classes 1, 2, and 3 arc 5.5, 6.8, and 7,6 minutcs, rcspectively.
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Poisson distributions are also given on Fig. 2.8; these might be expected to fit
the data better than normal curves, but the agreement is not good. For all the
896 incidents examined, only 11 have rise times of a minute or less while there
are 19 SEAs with rise times between 1 and 2 minutes. Thus the chance of an
SEA having a rise time equal to a minute or smaller is 1.2 percent: for less
than or equal to 2 minutes the chance is 3.4 percent. These statistics are for
a 4_year period of high solar activity. It may thus be confidently stated that
taken as a whole over the complete solar cycle of 11 years, SEA incidents with
rise times of less than 2 minutes are unlikely to occur more often than seven

per annuni.

Kamada (1960) has examined SEA data, obtained in Japan over the
5 years of 1955 to 1959, on the three frequzncies of 10, 21, and 27 ke. For each
frequency the distribution of the rise time:s is skewed towards the smaller values
in 2 manner somewhat similar to that of Fig. 2.8, Iowever, the average rise
times are somewhat less than those given in the preceding paragraph. For the
frequencies of 10, 21, and 27 ke, the mean rise times are, respectively, 7.8,
7.9 and 7.4 minutes. Also, the proportions of small rise times are rather more
than those previously quoted. For rise times less or cqual to 1 minute, and lcss

or equal to 2 minutes, the respective percentages are 2.3 and 13.0.

2.3.3 Behavior as a Function of Frcquency

The vertical electric field, E (mv/m), at a great_circle distance d

(in km) from a source radiating P kw is given approximately [Wait (1958)] by

300 : v
I = P ( expl—ad) (2.1)

h asind ns

where a is the radius of the earth (km), h the height of the ionospheric reflecting

laycr (km), A the wavclength concerned (km), and o the attenuation factor.




Equation (2.1) assumes the dominanee of a single mode which is approximately
true for d > 1000 km and frequencies in the VLF range. The application to VLF
atmospheric noise is therefore reasonably valid. It follows that if the suffix N

represents normal conditions and S the SID, then

1 ho
. A NN
(0‘\. - O(N) J 210t log </Ls]’,'s >

1
- 210 log (1LOR E L

1

(2.2)
).

S

In Eq. (2.2) the units for «  and « are dbh/1000 km, and the ficlds E,and E
are taken as being compared at a definite frequency. The factor h, /h = 1.08:

this is the average value given by Bracewell and Straker (1949).

Picrcz {1961) has applicd Eq. (2.2) to various sets of researeh data
in order to obtain the variation of («, - a,) with frequency. The three sources
of information originally considered by Pierce were Gardner (1950), Obayashi
(1960), and Obayashi, Fujii, and Kidokoro (1959). The corresponding results
arc shown on Fig. 2.9 together with an additional curve deduced from the work
of Bowe (1951). Tt is evident from Fig. 2.9 that at frequencies of 20 ke and
greater (o, - «v,} is negative: in other words, the attenuation is less during
an SID than under normal conditions, and there is an enhancement of atmospheric
noise. For {requencies of 10 ke and less, (v, - «) is positive, and atmospheric
noise will therefore decrease in intensity with the onset of SID conditions. The
range from 10 to 20 ke represents the intermediate zone where the transition

from a decrease to an enhancement occurs.
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The extensive observations of Kamada (1960, 1961) on the three
frequencies of 10, 21, and 27 ke show that when a weil_authenticated SID occurs
there is an increase of noise on 21 and 27 ke and a decrease at 10 ke. This
result is entirely consistent with Fig. 2,9, Kamada cstimates that the transitional
or turnover frequency, whieh is unaffected during a SEA, lies between 14 and
18 ke. This suggestion is again in agreement with Fig. 2.9, but it should be
emphasized that Kamada's estimate is based on interpolation, and also that the
amount of data representcd by Fig. 2.9 is very limited. There are somc indica-
tions that the transitional frcquency may vary betwcen individual flares in a
manner apparently unrclated to other characteristies or to associated ionospheric

effects. More data are necessary before such questions ean be entively elarified.
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2.3.4  Local Thunderstorms

An SID produces an SEA on a frequency exceeding 20 ke by changing
propagation conditions, hence reducing the value of « in Eq. (2.1), and conse-
quently increasing E. Obviously alterations in the other factors in Eq. (2.1) can
also have the effect of enhancing E; such alterations are due to changes in the
level of thunderstorm activity. For instance, if existing storms increase in in-
tensity, this implies a greater value of P and hence an enhancement in E; if the
storms move closer to the recording station, this gives a decrease in the effec-
tive d and again an increase in E; if new thunderstorms develop, particularly at
short ranges, once more E is enhanced. In the absence of other information,
observations of atmospheric noise, at the frequency of 27 kc usually employed,
cannot distinguish between an SEA associated with an SID and one due to changes

in thundery activity, unless there are characteristic differences between the two

types of SEA.

-

The frequency dependence enables the two types of SEA to be readily
distinguished. Section 2.3.3 indicates that, accompanying an SID, a reciprocal
effect applies; there is an enhancement of noise at some frequencies and a de-
crease at others. Changes in the level of thundery activity will, however, pro-
duce uniform behavior; at all frequencies, noise will either be increased or

diminished.

Japanese observations for the year 1958 [IGY Data (1959)] are avail-
able, the sudden changes in atmospheric noise observed at frequencies of 10, 21,
and 27 kc being listed. By means of the criterion of reciprocal or similar ampli-
tude behavior at 10 and 27 ke, it is easy to separate the SEA incidents associated
with solar disturbances from those probably due to changed thunderstorm activity.

Various statistics derived for the two types of SEA are shown on Table 2.2.
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TABLE 2.2

COMPARISON OF AVERAGE CHARACTERISTICS FFOR SEAS ASSOCIATED
RESPECTIVELY WITH SIDS AND CHANGES OF THUNDERY ACTIVITY

Mean Time* That
Mean Rise Time* | Mean Duration* | Onset at 10 ke Precedes
Type of SEA 10 ke 27 ke 10 ke | 27 ke That at 27 ke
Associated
with SID 11.8 8.6 46.1 41.9 -0.1
Associated with
Thunderstorms 11.4 11.7 40.4 42.6 +0.2

*In minutes.

It is evideuat that, although their origins are different, there is very

considerable similarity in the characteristics of the two types of SEA. Slight

distinctions can be identified which mainly represent the correlation between the

phasing of the phenomena on the two different frequencies; this connection is

much closer for the SEAs due to thunderstorms than it is for those associated

with SIDs. For instance, although the means in the final column of Table 2.2 are

nearly identical and represent in each instance an almost symmetrical distri-

bution of positive and negative values about zero, the average of the individual

aifferences (irrespective of sign) between the onset times at 10 and 27 kc is

significantly divergent as between the two types of SEA, This and other similar

points are illustrated in Table 2.3.
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TABLE 2.3

COMPARISON OF PIHASING OF BEIAVIOR AT 10 AND 27 KC
FOR THE TWO TYPES OF SEA

Type of SEA

Mean Difference*in
Onset Times at
10 and 27 ke**

Mean Difference* in
Rise Times at
10 and 27 ke**

Mean Difference*
in Duration at
10 and 27 ke**

Associated
with SID

Assoeiated with
Thunderstorms

4.4

1.5

4.8

o
to

*In minutes.

**[gnoring sign.

Table 2.3 indieates that if there are appreeiable differences at 10

and 27 ke in the time phasing of onset, maximum, and end, then the SEA eoncerned

is probably associated with an SID.

lHowever, the most reliable indicator that the

SEA is of solar origin remains the reciproeal behavior of an inerease in noise at

27 ke and a decrease at 10 ke,

2.3.5

Various Aspeets of SEA Behavior

The forms of SEAs as a function of time have been subdivided by

Kamada (1960). Kamada's subdivision is somewhat complicated but can be

simplified into two elasses, A and B. In Class A the rise time of the SEA is

mueh smaller than the decay time and the maximum is a sharp peak. For Class

B the rise is eomparable with that for Class A, but is followed by an appreciable

period where the changes from the maximum value are not very pronounced,

until ultimately there is a sudden decay to the origin; this takes mueh the same

time as the rise. Class A changes usually have a sawtooth shape: typieally the

Class B variations appeiar ias inverted Us or Ws,
When the results at 10, 21, and 27 ke are divided into Classes A and
B, there are some interesting festtures. Table 2.4 has been constructed using 63
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SEA incidents which, by the criterion of an increase in noise on 21 and 27 ke and

a decreuse at 10, are definitely to be associated with an SID.

TABLE 2.4
CLASSIFICATION O SEA INCIDENTS ACCORDING TO SHAPE

Sawtooth (A) Inverted U (B)

Frcquency (ke) 10 21 27 Number of Incidents
-B B B 13
-B B A 6
-B A B 0
-B A A 21
-A B B 6
-A B A 0
-A A B 0
-A A A 17

Incidents where all three frequencies have the same class are
common; this is probably a reflection of the temporal variation in the incident
flux. The class on 21 ke is always similar either to that on 27 ke or to that on
10 kc; this shows a systematic behavior with frequency. When the class on 10 kc
differs from that on 27 ke, usually 10 is of Class B and 27 of Class A; this is
consistent with the idea that 10 ke is affected by ionization lower in thc iono-

sphere thanis 27 ke, and the recovery is therefore, perhaps, more sudden.

Rough rules can be formulated relating the magnitude of an SEA o
the paramcters of the causative flare. These rulcs should be taken only as in-
dicative; obviously, since an SID changes the propagatioun characteristic, thec size
of an SEA will depend upon thc distance of the sources of atmospheric noisc.

However, the following average rclations apply to the Japanese observations for

1958 [IGY Data (1959)].
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At 27 ke, enhancement = 2,5 + 0,5 (5-1) db

at 10 ke, enhancement = - 302 + 0.4 (5-1) f db
where S is the importance of the flare, In the Japanese equipment the bandwidth
is 500 cps; the 0-db level is 1 up/m; and the enhancement is defined as 20 log

E,/Ey, where E; is the maximum intensity of the SEA and E, the pre-SEA

value.

The Japanese 1958 observations were also examined in an effort to
determine any relationship between solar zenith angle and the size of an SEA.
Such a relationship eannot be expected to be pronounced. Although it is probaile
that a solar flare produces its maximum ionospherie effeet at the subsolar point,
the measurement of atmospherie noise involves integration over many propaga-
tion paths, and therefore a wide area and a considerable range of zenith angles.
Table 2.5 shows the relationship between the average size of an SEA observed

at 27 ke and Japanese loeal time.

TABLE 2.5

RELATIONSHIP BETWEEN SIZE OF SEA OBSERVED
AT 27 KC AND LOCAL TIME

Loeal Time Number of SEA Incidents { Average Magnitude (db)
800 . 12 2.8
1000 13 3.5
1200 12 3.0
1400 16 2.8
1600 11 2.4
1800 14 2.4

There is a slight tendency for the larger SEAs to oceur near loeal
noon, that is, when the solar zenith angle is least, but the trend is not marked.
Kamada's (1960) results show an interesting distinction in behavior between 10,

21, and 27 ke. This is illustrated in Table 2.6,
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TABLE 2.6

OCCURRENCE OF SEA INCIDENTS AS A FUNCTION OF LOCAL TIME

Number of SEA [ncidents Observed
Local Time | 18 ke 21 ke 27 ke
0500-0700 1 20 23
0700-0900 7 113 151
0900-1100 23 118 167
1100-1300 48 112 165
1300-1500 51 137 185
1500-1700 31 137 179
1700-1900 12 81 87
1900-2100 0 7 9

Obviously there is a pronounced maximum for the 10-kc observa-
tions near local noon. At 21 and 27 ke, on the other hand, the rate of occurrence
of SEAs is almost uniform throughout the day. This suggests that the radiation
responsible for the 10-kc enhancement, which presumably penetrates to lower

heights than that affecting 27 ke, is fairly sensitive to the value of the solar

zenith angle.

One further aspect of the Japanese SEA observations is worth not-
ing. This is the close correlation [Kamada (1960)] between ouibursts of solar
radio noise at centimetric wavelength (> 3000 Mc) and SEA incidents. The
start of the solar radio outburst usually precedes that of the SEA by a few min-

utes.
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3. BALANCE EQUATIONS FOR THE LOWER IONOSPHERE

3.1 THE ION BALANCE EQUATIONS

The equations governing the production and disappearance of electrons and

ions in the ionosphere may be written in the following convenient form essen-

tially due to Ciain (1961):

N

o O AN = BYN* + (C + DY N™ @)

L

AN~

=AY (C D) N7~ ENTNY ®) 3.1)
at

AR BYN® - Evyt - (N v N7)

dl=‘—- N* — EN") =f1l/‘l . ()

In these equations N, N7, and N* represent the densities, respectively, of elec-
trons, negative ions, and positive ions, while Q is the rate of production for
electrons (and for positive ions). The rate coefficients, A, B, C, D, and E,
govern the loss and gain of the various eleetrified constituents. A represents
the loss of eleetrons (gain of negative ions) by the attachment of free eleetrons
to neutral particles: C and D involve the reverse processes, being detachment
eoefficients for the removal of an elcetron from a negative ion. C is the photo-
detachment coeffieient, while D represents all other detachment processes.

B is the electron-ion recombination coefficient, the process entailing a loss

both of electrons and of positive ions. E is the ion-ion recombination coefficicent,

the loss now heing of both positive and negative ions.
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It is usual, in attempting solutions of the balance equations, to consider
that over-all clecetrical neutrality is always maintained and that Eq. (3.1c)

implics
N* = N+N- (3.2)

Q and the rate coefficients are all functions of height. In addition, Q is a
function of time, since much of the ionizing radiation is of solar origin; during
an SID the variation of Q with time will be very rapid. Some of the rate coef-

ficients, for example, C, arc also time dependent since a solar flux is involved.

3.2 THE RATE COEFFICIENTS

Before discussing the individual coefficients in detail, it is convenient to
tabulate some of the relevant properties of the atmosphere for the height range

involved. This is done in Table 3.1, for daytime conditions.

The information in the first five columns is essentially that given in the

U.S. Air Force ARDC Handbook of Geophysics (1960). The next two columns

represent a compromise between the ARDC Atmosphere and the survey of
Barth (1961); these models are similar in that both give a maximum of atomic
oxygen concentrations near 100 km. There is, however, a significant difference
in that Barth indicates that the number density for O never exceeds that of O

over the height range of 40 to 160 km; the ARDC Handbook, on the other hand,

shows more O than O, above 90 km.

Column 8, thc NO concentration, is taken from the paper of Barth. The
figures given lic between those of the ARDC Handbook and those quoted by
Nicolet and Aikin (1960}); they arc approximately two orders of magnitude less

than the former, and one order of magnitude greater than the latter.

It will be assumed that Table 3.1 applies to both night and day. Barth (1961)

has shown that the main alteration with the change to night is a rapid fall in
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TABLE 8.1

PROPERTIES OF "THE ATMOSPHERE

Ht Temp| Pressure b Brensiisy em™

(km) (°K) | (microbar) Total N, O, o NO
40 261 3000 8.32 x 1019 | 6.50 x 1016 | 1.74 x 1016 | 2.5 x 1010 | 2.5 x 107
45 276 1600 4.20 x 1016 | 3.28 x 1016 | 8.81 x 1015 | 4.0 x 1010} 2.0 x 107
50 283 879 2.25 x 1016 | 1.76 x 1016 | 4.72 x 1015 | 5.0 x 1010 ] 1.6 x 107
55 276 484 1.27 x 1016 1 9,91 x 1015 | 2.66 x 1015 | 7.5 x 1010} 1.3 x 107
60 254 257 733 x 1015 [ 5,72 x 1015 | 1.54 x 1015 | 8.2 x 1010 | 7.9 x 106
65 232 129 4.02 x 1015 | 3.14 x 1015 | 8.42 x 1014 | 1.2 x 1011 | 5.0 x 106
70 210 60.2 2.08 x 1015 | 1.70 x 1015 | 4.37 x 1014 | 1.6 x 10!1 | 3.2 x 106
75 188 25.9 1.00 x 1015 | 7.81 x 101 | 2.10 x 10M* | 2.5 x 1011 | 1.6 x 106
80 166 10.1 4.41 x 1014 | 3.45 x 101 | 9.26 x 1013 | 3.5 x 1011 | 6.3 x 10°
85 166 3.69 1.61 x 1014 | 1.26 x 1014 | 3.37 x 1013 | 8.1 x 1011 2.0 x 10°
90 166 1.35 5.92 x 1013 1 4.64 x 1013 | 1.14 x 1013 | 1.0 x 1012 7.9 x 10%
95 180 0.512 2.06 x 1013 1 1.61 x 1013 | 3.13 x1012] 1.2 x 1012} 6.3 x 10¢

100 199 0.214 7.78 x 1012 | 6.08 x 1012 | 1.00 x 1012 ] 6.5 x 1011} 7.9 x 104

the concentration of atomic oxygen at heights of 70 km and bclow. This is not

of great significance in the calculation of rate coefficients, but has been

included as a slight modification in Sec. 3.2.5.

ment of electrons to atomic (O) or molecular oxygen (Oz )

3.2.1 The Attachment Coefficicnt A

Negative ions are readily formed in the atmosphere by the attach-

. It does not appcar,

however, that any of the other common atmospheric gascs are active in the

formation of negative ions. Three attachment processes occur:
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Three -body o T S (@) (

Radiative e+ 0, 20, v oo (b) (3.3)

Dissociative e+ 0,-074+0 ., . .. ..., ()

In Eq. (3.3) e represents an electron; hv is a quantum of radiation;
X denotes u third body; and X* is an excited state of that body. The first two
processes occur both for atomic and molecular oxygen, but the dissociative

mechanism is, of course, confined to the molecular case.

When electrons are formed, the spread in energies is wide. How-
cver, there is a conversion into thermal energies of a few hundredths of an
electron-volt within a time of less than 10" ®sec. Attachment occurs sub-
sequently; this implies that the process of dissociative attachment, which, at
the altitudcs concerned, is only comparablc with the three-body process for

electron energies exceeding some 0.5 ev, can be neglected.

The coefficient of radiative attachment for atomic oxygen has been
given [ Branscomb et al.(1958)] as (1.3) x 10" cm®/sec at temperatures between
200° and 400° X, The corresponding coefficient for molecular oxygen is very

uncertain; it is believed to be between 10" and 107°,

Biondi (1961) has discussed thc three-body attachment coefficicnt
for molecular oxygen. His results show that molecular oxygen is about thirty
times as effective as N; in stabilizing the threce-body process. The dependence
on clectron energy is such that the attachment rcaches a maximum for cnergies
of about 0.10 ev. This is considerably higher than thcrmal encrgies in the
lower ionosphere, so that clectrons initially formed with cnergies exceeding
0.10 ev have to pass the attachment maximum before becoming thermalized.

Many will not succced in doing this, and consequently the cffective attachment
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coelficient may be expected to be somewhat higher than the value corresponding
to thermalization. Biondi's results suggest that 3 x 107%is a not unreasonable
maximum value for an effective attachment coefficient. Biondi has also investi-
gated the dependence of the attachment coefficient upon gas temperature; the
results are somewhat uncertain but indicate that in the D region the coefficient

becomes less as the temperature decreases.

Three-body processes involving atomic oxygen occur but are not
significant in the lower ionosphere. Where atomic oxygen is present in ap-
preciable proportions, that is, above about 90 km, radiative attachment is the
dominant process. The three-body reaction is ineffective both because of the
pressure dependence and because the relative concentration of Oz, the most
efficient third body, is diminished; an atom such as O is more limited in its
degrees of freedom than a molecule, and consequently cannot accept the excess

energy involved in Eq. (3.3a) as easily.

Summarizing, the attachment coefficient, A, may be written as

T+ 100 v o1\ 3 x 10730
A= 13107 o, Ix 10717 . (—t—)[on]([oz |+ [_2|> X see”l (3.4)
2 400 Z 30

In Eq. (3.4) the symbol [ ] represents the number density per cm?3
of the constituent enclosed by the symbol: T is the temperature in °K over the

range (150-300°K).

3.2.2 The Electron-lon Recombination Coefficient B

Three processes may be identified: radiative, three-body, and

dissociative. In reaction form they may be written as
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Radiative W' ve s U ke (a) (
(3

Three-body U'v e n Xl v () 3.5)

Dissociative AN I R R ()

for the ease of a molecular positive ion M, A denotes an atom. The cocfficient
for Reaction (3.5a) is about 10 '*. Massey and Burhop (1956) give the cocfficicnt
for (3.5b) as being 2 x 107 at ground level: since the three-body proccess is
directly proportional to pressure, it follows that the three-body coefficicnt

must be less than 10~ at heights exceeding 40 km. Most cstimates for the dis-
sociative coefficient arc of the order of 107 to 10°%; hence this is thc significant
process in the lower ionosphere. The suggestion of Mitra (1952) that thc three-

body process is dominant below 65 km does not seem to be correct.

The dissociative rccombination of N3 has been cxamined by Bialecke
and Dougal (1958) and by Fairc and Champion (1959). Thcir resulis arc in good
agreement as to order of magnitudc, but differ in the form of dependenec on
pressurc and tcmperature. Faire and Champion find a valuc of 4 x 107 at a
temperature of 400°K, and indicate that thc cocflicient varics inverscly as the
square root of tcmpcerature, but is independent of pressurce at heights above
40 km; these results arc consistent with the theoretical work of Bates {1250€).

On the other hand, Bialecke and Dougal suggest a marked and complieated

dependency on both pressure and temperature.

Biondi and Brown (1949) and Holt (1959) have examined the dis-
sociative recombination proeess for Os . In cach paper a value of about

3x 107 is quoted,

. - - - + .
However, it scems that rate coefficients for (%,  and N3 have litile

dircet applieation to the lower ionosphere. Although O5 and N, are formed in




significant quantities, conversion to NO' occurs very rapidly by reactions such
as

.\'2* 10, ()2+ PV, N0 4 Vo

\"_,' O ERYIARRY

0,_)* N YO 4+ 0.
Direct measurements [ Johnson et al. (1958)] show that NO" is certainly the
dominant ion below 100 km at night, and probably also by day. The experiments

of Istomin (1961 a,b) indicate that NO* is always the most plentiful positive ion.

Unfortunately the rate coefficient for the dissociative recombination
of NO" has not been measured. Nicolet and Aikin (1960) have suggested that the
coefficient is an order of magnitude less than the value for O; basing this con-
clusion upon the relatively long lifetime of the NO* ion. This seems a reason-

able argument. Accordingly, B will be taken as given by

100\ /2
B = 3x107® <_T> emT3secT (3.6)

the temperature and pressure dependence given by Faire and Champion (1959)

for N3 being adopted.

Equation (3.6) may, as is evident above, be appreciably in error.
An upper iimit for B is probably 3 x 107, corresponding to thc dissociative
recombination of O3, and it is intercsting to note that this value was deduced by
Whitten and Poppoff (1961) from ionospheric observations. A lower limit can-

not hc assigned at present.




3.2.3 The C Term Photodetachment

The photodetachment reactions are essentially

0_ + hu > 0 1t €
0, ¢ hy-0, +e.

Burch, Smith, and Branscomb (1958) have determined the coefficient for O; as
0.44; this process involves an integration over the whole solar spectrum.
Although a value of 0.15 ev was taken in this work for the electron affinity,

E, , of the O; ion, and this is now believed to be low, it is not thought that a
revision of the calculation with E, = 0.40 -- a more likely value -- would make
any significant difference. This is because 1.0 ev corresponds to a quantum of
wavelength well in the infrared; since the peak of solar radiant energy is in the
visible, variation of the lower limit of the photodetachment integral over a wide

range in the infrared should have relatively little effect on the value deduced

for C.

Photodetachment of O™ can also occur, the coefficient according to
Branscomb et al. (1958) being 1.4. Thus the photodetachment coefficient is
dependent upon the proportions of the ncgative ions in atomic and in molecular
form. Also, since solar radiation is involved, therc is a dependence on solar
zenith angle, X, which may be taken after Mitra (1952) as proportional to cosY.

Combining these effects, C may bec written as

0-44 {071+ 1-407]
C l—2 " _eos v (in sec™ 1 (3.7
< 0,71+ 107] > *

and the proportions of [O;] and [O7] may be considered as defincd by their

relative rates of formation by the attachment processes.
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3.2.4 The Collisional Detachment Coelficient D,

At heights below about 90 km, the U, ion is the picvalent negative
ion; between 90 and 100 km, O™ ions arc important, and indeed in this region
the attachment coefficient, A, is dominated by the radiative attachment process

for atomic oxygen. Collisional detachment is represented by the rcactions

02"+Jl 0, +M+e

0T+ M0+ a+e

The molecule M must posscss sufficient kinetic energy to overcome the detach-

ment energy or electron affinity, E,, of the ion concerned.

All estimates of the appropriate elcctron affinities exceed 0.15 ev:
that is, the energy required to detach the clectron is considerably largcer than
the mean molecular energy at temperatures of 150°-300°K. Thus the fraction
of the total number of molecules that have the necessary detaching energy can
be derived from kinetic theory, using the approximation for speeds much greater

than the most probable molecular velocity. The fraction is given by

2 [ EN ENY?
V'n exp _ﬁ X ?_/.'Ts

wherc k is Bolzmann's constant and T the temperaturc: the exponential term

is by far thc most significant.

Regarding the detachment of O; , Bailey (1959) considered that all
molecules in the atmosphere werc capable of producing detachment, but Phelps
and Pack (1961) find that molecular oxygen is the only effcctive detaching agent.

When this is taken into account and it is recognized that the detachment
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cocfficient is proportional to the number density and that the ratio of the ionic
to the molecular free path is proportional to the square root of temperature,

the following expression for D, for O, ions is obtained:

r E N\ [E N2 o
D =— exp <_ _-> <_> 2.5 108 (3.8)
e = 7 T/ \kT

where P is the prcssure in microbars.

The value of E, remains a subject of controversy. Twenty ycars ago 1.0 cv
was an accepted value | Bates and Massey (1943)]. More recently, Smith, Burch,
and Branscomb (1958) suggested an affinity of as low as 0.15 ev, hut subsequently
there has been a steady rcaction in favor of higher valucs as exemplificed by the
0.25 ev of Bailey and Branscomb (1960), the 0.46 ev of Phelps and Pack (1961),
and the 0.74 ev of Jortner and Sokolov (1961). The theoretical work of Mullikcn
(1961) perhaps indicates the start of a second reaction towards lowcr values
again; Mulliken estimates that E, lies between 0.15 and 0.5 ev. As Crain (1961)
has emphasizcd, because of the exponential factor a slight change in E, implies
a very large alteration in D.. (The same js true of changes in T and this has
an interesting consequence, upon the structure of the lower ionosphere.) Ac-
cordingly, in Table 3.2 values of D, as calculated from Eq. (3.8) are given for

three electron affinities, 0.15, 0.40, and 0.65 ev,

As has been indicatcd, most of the negative ions above 90 km arc
of atomic oxygen. The elcctron affinity for the O™ ion is about 1.5 ev.
[ Branscomb et al. (1958)]. Thus collisional detachment of O~ is a most inef-
ficient proccss and may be entirely ncglected. Since only Oz ions can be
dctached, a correction of D, is necessary for the larger heights in Table 3.2.
This is done approximately by multiplying the deduced D, by a factor of pro-
portionality given by A[O; ]/A[OQI + AJO7] wherc A ] is the attachment rate,

that is, the ratc of formation, of the ionic constituent indicated in the bracket.




TABLE 3.2

DETACHMENT COEFIFICIENTS

Ve Corrected D, D,
h(km) 0.15 0.40 0.65 (Ex = 0.40)
40 :2.3.105 3.2 4.9.10'5 3.2
45 1.9.105 4.4 1.9.10'4 4.4
56 1.0.10° 2.3 1.0.107 2.3
55 5.7.10" 1.3 5.7.107 1.3
60 '.2.1.104 2.9.107" 4.4.10'5 2.9.107"
65 6.1.10° 22,102 | 1.3.107" 2.2.1072 Day Night
70 1.5.103 1.6.103 1.3.10“9 1.6.10“3 1.6.10'3 1.6.10“4
75 2.5.10° 4.0.107> | 4.5.10712 4.0.107° 2.5.10™ 8.1.107"
80 2.4.10 3.3.10“7 5.3.10’15 3.1.10‘7 3.5.10'3
85 8.9 1.:2.10'7 1.9.10"15 7.8.10'8 8.1.10‘3
90 3.3 4.1.107° | 6.9.10715 7.4.107° 1.0.1072
95 2.1 8.0.10"° 9.3.10'15 1.2.107° 1.2.1072
100 2.1 5.1.10" 4.2.10‘13- 1.6.107 6.5.10"°

This correction is applied for an clectron affinity of 0.40 cv in the fifth column

of Table 3.2,

3.2.5 Associative Detachment (D)

This process is represented by reactions such as

and
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Estimates of the rate constants coneerned range over five orders
of magnitude. Whitten and Poppoif (1962) have shown that the selection of a
value of about 10 cm® sce™ would enable some aspects of the ionospheric
observations of Bailey (1959), during polar eap absorption events, to be
interpreted without the neeessity of postulating significant collisional detach-
ment and an electron affinity of as low as 0.25 ev for the O,y ion. The laboratory

value of about 0.40 cv would then be applicable.

Although the uneertainties are very considerable, it seems best,
at the present juncture, to adopt the rate constant of 10™ suggested by Whitten
and Poppoff (1962). Multiplication by the coneentration of atomie oxygen gives
the coefficients listed in the last column of Table 3.2; a distinction between day
and night is included for heights of 70 and 75 km. At 80 km and above, D, >> D,
for E, = 0.40 ev; below 70 km D,. exeeeds D, .

3.2.6 The E Term Ionic Recombination

There are two signifieant processes:

two_body, e.g., 0*+0-.0"+0.°"

and

three-hody, e.g., 0, v 07 U 074077 4L

Values of between 107 and 3 x 107 have been quoted for the two-body process.

Opinion in Britain {Abererombic (1962)] is in favor of a figure even higher than
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3 x 107 and that in the U.S.A. [Knapp (1962)] is tending in the same direction,

Accordingly, the value of 3 x 1078 will be adopted.

The three-body coefficient has a pronounced dependeney upon pres-
sure and temperature. It decreases as the pressure becomes less, probably
leveling off at a value of 3 x 107° [Loeb (1955)]. With the pressure, P, in

microbars the three-body cocificient may be written as
, 273\*
5x 10712, . <—‘7-> VX 1070,

In this expression the temperature dependency is different, by a factor of Tl/z,
from that given by Ratcliffe and Weekes (1958), The difference arises becausc
in the original Thomson theory the ratio of the ionic to the molecular free path

is involved; this is not independent of temperature but varies according to TV2,
Summarizing,

1

..134 _q -8 (39
gl IREERUEEERT -9)

- 5x]0_12-l’-(

3.2.7 Summary

The rate cocfficients are listed in Table 3.3 and plotted on Fig. 3.1.
D represcnts the sum of D, and D,. Crain (1961) has given the best recent
survey of the data on rate coefficients: his work is especially notable for its
emphasis upon the great uncertainties of the subject, and is in marked contrast
to the tendency of many rescarchers to ascribe far more preeision to selected
values than is justifiable. It cannot be overemphasized that, although Fig. 3.1
is helicved to represent the optimum developiment of the information presently
{August 1962) available, it is probable that within a year or two some of the

quotect values will have been changed by an order of magnitude!
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FIG. 3.1 RATE COEFFICIENTS vs. HEIGHT

It is of some intercst to examine the differences between Fig. 3.1
and the data given by Crain. As regards the attachment coefficient, A, the two
sets of results are in excellent agreement except fo. heights above about 85 km
where the influence of atomic oxygen (not considered by Crain) begins to become
significant. The B value is about 40 percent of that given by Crain. The results
for the C cocfficient are identical below 80 km, but above that lcvel the effce-
tive value for C is greater than that of Crain becausc of the presence of O~
jions. Betwcen 40 and 70 km the coefficicnt D is primarily duc to collisional
detachment; thc agrecment with Crain is reasonable, but the variation on
Fig. 3.1 is greater because of the inclusion of the effect of temperature. Above
70 km associative detachment is the principal detachment process representcd

on Fig. 3.1; this mechanism was not considered by Crain, so that there is an
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appreciable divergence between the two sets of data. Finally, the E cocfficient
is about forty times that given by Crain; this reflects the movement of opinion

referred to in Sec. 3.2.6.

3.3 The Ionizing Radiations During Quiet Conditions

3.3.1 Cosmic Radiation

Cosmic radiation is usually separated into the primary rays incom-
ing from extraterrestrial sources and the secondary radiation generated by
the interaction of the primary rays with the earth's atmosphere. The incoming
primary radiation is deflected towards the magnetic poles by the magnetic
field of the earth. Only the most energetic primary particles can‘ avoid such
deflection and reach equatorial regions; there is thus a pronounced latitude effect
with the dependence being upon a latitude defined geomagnetically rather than
geographically, Secondaries are produced in large numbers only at heights
below 35 km. However, Meredith, van Allen, and Gottlieb (1955) have shown
that the ionizing radiation at considerable attitudes consists of primaries,
secondaries generated at lower heights and reflected upwards (the splash
albedo), and such secondaries re-entering the atmosphere (the re-entrant

albedo). For geomagnetic latitudes of less than 55° the three terms are

comparable in magnitude.

Most of the primary cosmic-ray particles are protons and have
energies exceeding 1 Bev. For such high-energy particles the rate of energy
loss per centimetcer of path, and therefore the energy available to produce
ionization of the ambient atmosphere, is almost independent of the particle
energy. Thus, in thc latitude effcct, since the albcdo secondaries are also
of high energy, the proportionality is between ionization production and the

number flux rather than the energy flux of the ionizing radiaticn.

The influcnce of the earth's magnetic ficld means that incoming

protons with energics (in Bev) less than approximately 15 cos'e, where o
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is a geomagnetic latitude, cannot penetrate to the latitude o, Thus the number

flux at any particular latitude could be evaluated by taking an expression such

as that of Kaplon et al. (1952) for the cnergy distribution of the ineoming primaries,
making allowances for the splash and re-centrant albedos, and integrating be-

tween the limits of 15 cos’¢ and infinity. Refinements could be introdueed

into the simple Stormer eut-off critcrion of 15 cos e as indieated by Winckler

et al. (1950).

However, the above proeedure although eomplieated is fundamentally
empirical, as there is no sound theoretical basis for the energy speetrum of
the ineident eosmic radiation. Since an empirical approaeh is inevitably
neeessary, it seems easiest to apply it in the following way, Measurements
on the latitudinal dependenee of the vertieal flux of partieles near the top of
the atmosphere have been summarized by Curtis (1956). Between geomagnetie
latitudes of 0° and 60° the latitudinal dependence is fairly well approximated by
a simple proportionality with eos®®; at higher latitudes the flux is roughly
constant, The loss of energy of the particles by ionization is taken to be 2.2
x 10° ev per eentimeter traveled, at atmospherie pressure, and 32 ev is
aeeepted as the energy corresponding to the produetion by cosmie-ray partieles
of an ion pair in air. By using these figures, the rate of ionization production,

q , in ion pairs per em® per seeond per atmosphere is given by
]

q, = 38 cos~4 0. (3.10)

Equation (3,10) is in good agreement with three values quoted by

van Allen (1952) as shown in Table 3.4.

TABLE 3.4

COSMIC-RAY IONIZATION AS A FUNCTION OF GEOMAGNETIC LATITUDE

fo 3° 38° 51°
¢, (van Allen) 35 90 257
a, [Fq. (3.10)) 38 98 243




The rate of ionization production, 4, due to cosmic rays at a height his

rcadily obtained from Eq. (3.10) since

n, . —4 ny, . - n
g 0 = g, s 38 cos™* 0 — 38 cos™* 0 T T

o o

h - =
em™3sec™!

where n, and n, are the number densities at heights h and 0.

It is interesting to note that the differential number speetrum, dN,
for incoming primaries of energy E is quoted as dN = kE"®dE, where k is a
constant and the empirieal constant v has a value of between 1.8 and 1.9. It

follows that if the shadow cone effeet is ignored and the simple Stormer

cut-off is adopted, then Ng = I kE~CdE, which is not far
15 cos* 0
removed from the cos™e dependeney of Eq. (3.10).
One important feature of the cosmie-ray latitude dependency is
the system of geomagnetic eo-ordinates to be selected. Recent information

[Sandstrom (1958)) suggests that the cosmic-ray equator corresponds best with

the dip equator. Thus the ion produetion function is best written as

7.k, N =15 nhcos'—” x 10719, (3.11)

where I is the angle of dip.

Rcgular temporal changes in cosmic-ray activity are slight, with
the exception of the variations associated with the solar eyele [Simpson (1958)).
It appcars that many morc low-encrgy protons reach the earth during solar mini-
mum than at times of maximum. These protons are naturally channeled into
high latitudes where the cyclical effeets arc thus likely to bc most pronounced.
The variation in ion production near the poles is probably +25 percent between
solar maximum and minimum; for latitudes less than 55°, however, it is
much less.
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fon production rates derived from Eq. (3.11) are given in Table 3.5.
33.2 Lyman

The sun emits intcnsely at the wavelength of 1215.74, the first line
in the Lyman scries of hydrogen. It was thought a few years ago that the
emission was extremely variable and that many of the short-term fluctuations
in the ionosphere, such as SIDs, were associated with rapid changes in the
intensity of the Lyman -« radiation. However, as additional information by more
reliable methods has become available, notably through the NRL rocket and
satellite program [Friedman (1961)] it has become evident that on a short-
term basis the flux of Lyman « is remarkably constant, but thc possibility of
a long-term variation, pcrhaps by as much as an order of magnitude, in
phase with the solar cycle, cannot at present be eliminated. During the solar

2

maximum the flux is about 5 ergs em~2sec™!at the top of the terrestrial

atmosphere. This corresponds to 3 x 10 photons cm~2?sec™,

Lyman-o radiationis capable of ionizing NO and is strongly
absorbed by molecular oxygen. Watanabe, Inn, and Zelikoff (1953) give the
absorption cross section for molecular oxygen as 1.04 x 1072%cm?, while for
nitric oxide the ionization cross section is 2 x 10™® cm? and the absorption
cross section 2.4 x 10™%cm? [Watanabe (1954)]. For molecular nitrogen, N,
the Lyman-a absorption coefficient is probably less than 6 x 10~ 2%cm?

{Ditchburn etal. (1954)].

If the incident flux of Lyman ais I_ , then the flux, I,, at any height

h may be written as

/,.. I e (—- secy z f ay.n’.d/r> (3.12)
j h

wherc ¢, and n; are the absorption cross section and number density respee-

tively, of the constituent j. Equation (3.12) includes the approximation of
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replaeing the Chapman function lor zenith angle, N by sce v this is reasonable

’

for X =80°. 'The produetion, a, » ol ionization at height h is given by
1}

0, 2ol (3.13)
)

1
where 0 represents the ionization cross section.

Of the various terms in Eqs. (3.12) and (3.13), only that considering
NOis involved in the ionization summation. As regards the absorption summation,
the absorption is very slight above 100 km, so that I o = I100° Below 100 km, a
combination of the information on Table 3.1 and on the absorption cross sections
shows that the absorption is almost entirely due to molecular oxygen. For the
o 1 I
moiecular oxygen constituent f ny dh < p t_ﬂﬁ where M is
A g ® L
the molecular weight and P, the atmospheric pressure at heighth. With g

taken as 960 em scc”  over the range of heights concerned and M =5.31x

1072 gram, Eq. (3.12) can he rewritten as

/)
I, I, exp (—se'r v h > (3.14)

B3

By using Eqs. (3.13) and (3.14) and the information of Table 3.1, Table 3.6

giving ion production rates due to Lyman « may be calculated.

Table 3.6 has not been continued below about 60 km, because
cosmic-ray ionization is dominant at these lower heights. The minimum at
95 km follows from the minimum of NO indicated by Barth (1961) at this
height.

3.3.3 X Rays

X rays are capable of ionizing all consiituents of the atmosphere,

and it is usually taken that all the absorbed energy is converted into ionization,
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The eomputation of X-ray ionization is somewhat more difficult than that for

Lyman « becausc the radiation is not monochromatic, but the basic procedure

is essentially similar.

If loo is the intensity of the incident radiation, thcn

r ~
Iy = I e l*-“"-' XK, J’ P,,t”'il where 1, is the mass absorption coefficient,
h

Pn the density at height h, and the secant approximation to the Chapman funetion

)

~ F
is used. Now j phdh = _ ", so that the rate, g, of ion production at height h
h g

may be expressed as

-, secx-P ;
9y = Buy I py exp <_ g__"> (3.15)

where 8 is the yield in ions per unit absorption.

The quantities Ky, and 8 (to a lesser extent) are functions of wave-
length, while the incident solar X-ray flux contains energy over a wide range of
wavelengths. In order to obtain solutions for gy, three approaches are possible.
First, elaborate numerical integration can be performed. Seeond, attempts ean
be made to obtain functional representations of the quantities that are frequency
dependent, with a view to obtaining an expression for gy in terms of wavelength
A. Third, approximations can be included, where appropriate, in an effort to
obtain solutions that are reasonably accurate but still tractable without the

necessity for extensive computation; this is the approach that will be adopted.

Rajewsky and Lang (1961) have reviewed the information relating
thc avcrage cnergy lost in ereating an ion pair to the cnergy of the incident

X-rays. The trend of the rcsults i3 indicated in Table 3.7.




TABLE 3.7

IONIZING EFFECTIVENESS OF X RAYS

Energy of incident X rays (kev) 0.1 1 10 100
Corresponding wavelength (A) 127 12,7 1.27 0.127
Energy lost in producing one

. . 50 37.5 34.5 33
ion pair (ev)

The energy loss per ion pair varies appreciably with wavelength
for the softer X radiation but tends towards constancy as the X rays become
harder. Rajewsky and Lang find from their experiments that, between 2,2
and 0.74, 35 ev is a good approximation to the energy loss per ion pair, and
this value will be taken as applying over the whole X-ray spectrum. The
error in this assumption is appreciable at wavelengths greater than about 15
A, but this wavelength range is mostly absorbed above 100 km and is,

therefore, of minor significance as regards the lower ionosphere.

A value indicative of 8 having been established, it remains to
consider p, . Appropriate information concerning i, as a function of wave-
length has been given by Victoreen (1949) and Henke et al. (1957). A com-
posite representation of the available data is given in the curve of Fig. 3.2.
For wavelengths exceeding 0.6 A and less than about 20 &, that is, over the
range most important in the lower ionosphere, the variation in Fig. 3.2 is
represented by the empirical relationship p_ - (3.8 Below

0.25 A, a relationship with similar form but different constants applies:

i, = (0360038
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FIG. 3.2 MASS ABSORPTION COEFFICIENT FOR X RAYS IN AIR AS A FUNCTION
OF WAVELENGTH

If an incident flux, I, of 1 erg cm™ sec™'is taken, with a conversion
factor of 35 ev, Eq. (3.15) reduces to

n osecy P
9, = 1.8x l()mpmp,I exp (— :LW-’I> (3.16)

53




where 960 em see”™® s taken as a mean value of the acceleration duc to

gravity over the altitude range concerned., Equation (3.16) is plotted as a

function of height for tive values of X and seven valucs of the wavelength

of the incoming radiation, in Figs. 3.3 through 3.8. It is evident that the harder
the X radiation the lower the height at which the maximum produetion of ionization
occurs. Also, for a given wavelength, a change of zcnith angle has a much larger

effect at heights below that of maximum production than at those above.

It remains to determine the X-ray flux associated with a quiet sun.
Poppoff and Whitten (1962) have estimated the background X-ray flux from data
obtained by the Sunflare II Probe of the Naval Research Laboratory. The latest
available results from the NRL scries of rocket and satellite experiments show
that near solar maximum the quiet solar flux in the 2 to 84 band never excceds
6 x 107% erg cm~? sec”! . [Kreplin (1962)] . In order to make the Poppoff-
Whitten spectrum agree with this observation of Kreplin, it must he reduced by

a factor of about 2.5; this has been done and the result is plotted in Fig. 3.9.

In order to determine accurately the rate of ion production reprcsented
by the incident flux, a complicated ealculation involving summation over all
wavelengths is necessary. However, a reasonable approximation may be made
by splitting the flux into different wavelength ranges and then applying the
information of Fig. 3.3 to 3.7. A convenient subdivision is shown on Fig. 3.9
and also given in Table 3.8. By using this subdivision, the rate of production of
ionization for the quiet solar X-ray flux has been calculated for several zenith

angles. The results are given in Table 3.9.

3.3.4 Other lonizing Agents--Watanabe and Hinteregger (1962) have

examined the ionization due to solar ultraviolet radiation and soft X rays. Their
results show that appreciable ionization ean be produced at heights of 95 to 100
km by radiations between 911 and 1027 &, and by X rays with wavelengths in the
range of 30 to 170 A. At 90 km and below, however, this ionization is insignif-
icant as eompared with that already considered due to X rays harder than 30 A.

Table 3.10 indicates the rate of production of ions for these additional radiations.
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TABLE 3.8

SUBDIVISION OF X-RAY FLUX FROM QUIET SUN

Wavelength Range | Center Wavelength | Mean Flux per A | Total Flux in Range
(2) (A) (erg em™ see M| (crg em™ sec™)
-3 -2
19-31 25 1.4.10 ' 1.7.10
13-19 16 9.0.10™* 5.4.107°
-4 -
7-13 10 4.5.10 2.7.10 3
5-7 6 1.3.107" 2.6.107"
-5 -5
3-5 4 3.10 6.10
1-3 2 1070 2.107°

The "average' meteor appears at a height of about 110 km and dis-
appears at 80 km. Over this range of altitude the mean rate of ion production
for all the sporadic meteors occurring globally is about 10°* em™* sec !
[Lovell (1957)]. Taking into account the height distribution of the ionization
yields Table 3.11. It must be emphasized that meteor ionization is not
likely to be uniform below 100 km; it is improbable that the diffusion of the
individual trails will be sufficient for them to merge into an isotropie whole.
Aecordingly, it is somewhat dubious whether meteor ionization should ever be
regarded as a continuous sourcc. The average flux of shower meteors is only
about 20 pereent of that associated with sporadic meteors: however, during the
largest showers the ion production rate may rise to as much as a thousawd

times the rates given in Table 3,10,
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TABLE 3.10

RATE OF ION PRODUCTION (cm'ascc"l) BY ADDITIONAT, RADIATIONS

Solar Zenith Angle X Height (km)
95 100
0 2.4x10 1.3)(103
20 2.1x10 1.2x103
40 1.4x10 1.0x1()3
60 6.7 4.0x102
80 7.0x10™" 4.0x10

3.3.5 Summary--Figure 3.10 summarizes the ionizing contributions of the

various radiations. It can be seen that below some 60 km the cosmic ray source
is dominant; above 80 km X rays are most important; while hetwcen 60 and 80 km
the eontributions due, respectively, to Lyman «a, X rays, and cosmic radiation
are of comparable size. The results of Fig. 3.10 confirm the conclusion of
Poppoff and Whitten (1962) that X rays are the major factor in the formation of
the D region: the opinion of Nicolet and Aikin (1960) that Lyman ¢« is the domin-

ant influence is not supported. However, it should be emphasized that the

TABLE 3.11

RATE OF ION PRODUCTION (em™ sec™!) BY METEORS

Height fon Production
20 0
85 2.5x10 "
90 1axi0”
95 1.0x107"
100 0.5%10 "
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X-ray flux from whieh the X-ray contribution to Fig. 3.10 was derived was
obtained for quiet solar eonditions during a period not far removed from sun-
spot maximum. If the quiet X-ray flux follows the solar eyele while that for
Lyman ¢ remains unchanged, then the relative importanee of X rays and Lyman
« eould be very different at sunspot minimum and at sunspot maximum. Any
eonclusions on this point are still somewhat indefinite, but it is very significant
that Kreplin, Chubb, and Friedmann (1962) in a reeent paper estimate that the
X-ray flux in the important band of 2-8A changes by a faetor of a thousand dur-

ing the solar eyele; the ultravioclet emission, on the other hand, seems relatively

stable.

Above about 95 km, as Fig. 3.10 shows, the radiations forming the E
layer, namely solar ultraviolet and soft X rays, are dominant. Below some 70

km, cosmie rays, as pointed out by Moler (1960), are very important, and even
at greater heights seem to produce somewhat larger effects than those due to

metleors.
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4. SOLUTION OF THE BALANCE EQUATIONS
FOR QUIET CONDITIONS

4.1 SOLUTION ASSUMING BALANCE 1S IMMEDIATELY ATTAINED

The survey of the rate coefficients made in Sec. 3.2 shows that the two
fecombination coefficients B and I are approximately equal over the height
range of 40 to 100 km. An assumption that B=E ~* 4.107% leads to a very
considerable simplification of the equations, and to convenient solutions; it will
therefore be adopted. Admittedly, the assumption involves approximation, but
the resulting solutions are far morc accurate than some previous machine
computations which employed values of the rate coefficients now demonstrably
incorrect. Generally, in this field, there is a dangerous tendency to accept an
elaborate machine solution as being entirely correct, whereas there may well

be uncertainties of an order of magnitude in some of the parameters upon which

the solution is based.

Under quiet conditions the rate of change of the concentrations of electrons
and ions is small. Thus, by equating the derivatives to zero and putting

B = E, Eq. (3.1) simplifies to

QAN - BNN* v (C+D)N™ = 0 )
AN Z(C+ M N" = BNV = 0 4.1)
O~ RBNN* = BNV - O-RB(VHZ - 9 s
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The equilibrium solutions are

- (‘) 72
v )
vo o (2Y & 4,2
Ya T (/e> <.-1 + I-‘+\/()/;> (b) -2)
() 1/2 P 7
v <__> ( F OB > ©
q B A+ F+OB

where F, the complete detachment coefficient, is given by ¥ = (C + D).

Profiles of N as functions of height and time may be derived using the
information of the tables that have been given and interpolating where necessary.

Two illustrative examples will be given.

The first of these is for an equinoctial day and a path lying around the
equator. The sun will be overhead at local noon, and it is assumed, incorrectly
but for simplicity in the computations, that the dip angle is zero over the entire
equatorial path, Figure 4.1 is a contour representation of the electron distribution;
it is, of course, symmetrical. Figure 4.2 shows profiles of N against height for

the vertical paths and zenith angles indicated.

The second example, on Figs. 4.3 through 4.5 is for the winter solstice
with noon over Capricorn and a meridional path. It is taken that the dip angle is
equal to the geographic latitude. Evidently the combined effects of cosmic-ray
and solar ionization introduce considerable asymmetries, especially at the lower

heights.
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4,2 DECAY OF JONIZATION AFTER SUNSET

The assumption that cquilibrium is reachcd seems reasonably valid for
daytime hours. Examination of the ratc coefficients shows that after any day-
timc change equilibrium conditions are always re-approached fairly rapidly.
Direct expcrimental cvidence of D-layer effects, such as absorption [Bibl et
al. (1961)] and VLF phasc changes at near vertical incidence [ Bracewell et al.
(1951)] , indicates that a dependence on solar zenith angle is followed with little
time-lag. This again confirms the concept that thc quiet daytime D region is

never far removed from an equilibrium state.

However, equilibrium is far from being attained at night, particularly at
the greater altitudes. The ionization remaining after sunset decays slowly and
the low cquilibrium values are hardly approached before sunrise occurs. The
contours of Figs. 4.1 and 4.3 have therefore been modified ignoring solar
radiation for X >80°. The values of the electron density have been obtained by
considering the appropriate nighttime values of the parameters A, B, F, and Q
for any position, and the time since X = 80° at that position. The decay of
ionization is essentially described by Eq. {3.1c) since the balance of attachment
and detachment processes is achieved rapidly after sunset and the ratio N /N
then remains constant and equal to A/F. This condition and the conditior: of
electrical neutrality N+ N = N+ are sufficient to specify N, once the behavior

+
of N is known. Equation (3.1c) can be solved exactly, giving

ﬁ’; [2./'\/ ; + fv'o (l + exp(-=2y BQ t))]

2Nq+ +N, (1 - c.rp(—Z\/_R.é_t))

(4.3)

N‘ =

+ +
where N, is here the nighttimc equilibrium value of ionization and (N + N )
is the equilibrium value existing at time t = o, when X = 80°. The modified
distributions for N are shown on Figs. 4.6 and 4.8 together with cross sections

on Figs. 4.7 and 4.9.
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4.3 COMPARISON WITIH EXPERIMENTAL OBSERVATIONS

Scveral theorctical models of clectron density profiles in the lower
ionosphere have been given, but actual experimental observations are very scanty.
Profiles may be deduced by radio probing from the ground and examination of
the partial reflections rcturned trom the D region; this approach has bcen
employed recently by Titheridge (1962). The direct method of measuring
electron densities using rocket probes is difficult for heights below 100 km,
since the density of the neutral particles is so much grcater than that of the
electrons. However Smith (1962) has reported three successful rocket flights.
Some of the experimental results are given on Fig. 4.10 with the appropriate
theoretical profiles deduced from Fig. 4.8 for comparison. The agreement is

reasonably good. It would be surprising if it were exact, since the theoretical
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work has completely ignored the vertical transport of electrons by diffusion or
other processes. Perhaps the major difference between the theoretical and the
experimental curves is the tendency of the former to give greater electron

densitics than the latter at heights near 80 km; this is true both by night and by

day.

4.4 RELATION OF ELECTRON DENSITY PROFILES TO VLF PROPAGATION

The propagation characteristics for VLF radio waves in the quasi-waveguide
formed by the surface of the earth and the lower ionosphere are chiefly deter-
mined by the variation in ionospheric conductivity with height. For this reason
it is desirable to convert the contours of electron density into contours of the
parameter w_. This parameter is directly related to ionospheric conductivity
and is commonly employed in the development of the waveguide theory of VLF

propagation. The equation

(1)2

. “4.4)
(u2 + “’L2

©, = 1/2

defincs ¢r ; in Eq. (4.4), vis the electron collisional frequency, v, the
longitudinal component of the electron gyrofrequency, and v, the plasma

frequency. In mks units, o?

= N'e?/e m where e is the electronic charge

(1.6 x 107'° ¢), m is the electronic mass (9.1 x 107! kg), €_=8.85 x 107'%,

and N' is the number of electrons per m? (N' = 10 °N). Hence w,2>= 3.4x10°N.
The quantity of v, is given by (47 x 10~ )He/m where H (ampere-turn/meter)
is the strength of the longitudinal component of the earth's magnetic field for

the propagation. The best information upon collisional frcquencies is in the

report by Cook and Lorents (1961) (sec Fig. 4.11) while the paper of Mlodnosky

and Helliwell (1962) is uscful in detcrmining 0 for meridional propagation.
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The cleetron densitics shown on Figs. 4.6 and 4.8 have been converted to
contours of «, ; the results are given on igs. 4.12 through 4.19. For the
equatorial case, v, was plotted for propagation along the equator (v, = 0);
the mceridional case is given both for v, =0, and, more correctly, for the
instance of propagation along the meridian ( w, non-zero). In all cases the

divergenee between magnetic and geographic north is neglected.

It is notcworthy that the contours of w, are far {rom being parallel to the
surface of the earth. This implics that in the waveguide theory of VLF propagation
the guide must be considered to be of variable width. The effects are briefly

discussed in Appendix II.
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S THE SUDDEN tONOSPHERIC DISTURBANCH

The SID, as already indicated, is due to an increase in X-ray flux, that is.
an enhancement ol the flux given by Fig. 3.9, The intensity and spectral distrei-
bution of the X radiation undoubtedly varies between dilferent SID incidents, but
any investigation of such variation must await the analysis ot extensive satellite
data. Indeed, it can hardly be said that even the general behavior during an SID

has yet been established.

5.1 SPECTRAL DISTRIBUTION OT X-RAY FLUX

Poppotl and Whitten (1961) have deduced the X-ray speetrum, associated
with a Class 2+ flare, from rocket observations: the resulting D-layer electron
distribution produces ionospheric absorption that is in rcasonable agreement
with that experimentally obscrved. Kreplin (1961) states that during a flare the
X-ray emission in the 2 to 84 band increcases by a factor of ten to one hundred:
it can be deduced from the same paper that over the wavelength range of 8 to
20A the factor is three to twenty-five, while in the band between -+ and 604 the
SID flux is probably only about three times -- and certainly less than ten times - -
as strong as that in undisturbed conditions. The satellite observations ol Kreplin,
Chubb, and Fricdmann (1962) show that during a Class 2 flare accompanied by a
short-wave fadeout (also of Class 2) the X-ray flux in the 2 to 8A band is some

5x 1077 to 1072 erg cm? /sce.

The papers of Kreplin and his colleagues suggest that the Whitten-PoppolT
X-ray spectrum is considerably more intense than that asseciated with a mod-
crate flare. In order to reconcile the quict-sun and solar-llare observitions.
it is necessary to reduce the magnitude of the X-ray flux indicated by Whitten
and Poppoft hy a factor of thirty, while retaining the same spectral distribution.
This has been done and the result, plotted in Fig., 5.1, will he taken as representing

the X-ray flux, additional to the quict virlue, resulting from a moderate tlare,
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The X-ray flux during a flare rises rapidly to a maximum and then deeays
more gradually. It is probable that the predominant X radiation steadily becomes
softer as time inereases, but this effeet will be ignored, in order to avoid con-

sicerable complexities, and the spectral distribution will be assumed constant

throughout the flare.

5.2 TEMPORAL VARIATION OF X-RAY FLUX

The temporal variation of the X-ray flux during a flare has becn estimated
by Poppoff and Whitten (1961) to have the form shown on Fig. 5.2 rising to
maximum intensity in about 300 scc and then deereasing to about 20 percent of
its maximum value in a similar interval. Also shown on Fig. 5.2 is a plot of

4

the function, Q(t), formulated by Poppoff and Whitten to fit this variation (this is

the tight continuous line on Fig. 5.2
tal

N
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The statistics given in Sec. 2 suggest that the deeay to normal of the X-ray

flux takes rather longer than is indicated by Poppoff and Whitten. Also

their

form for Q). being two different functions in the intervals 0<t-300 and t>300,

scems somewhat artificial and is rather inconvenient to use for any calculations

of the ionization it produces. For these reasons it was deeided to find

an ex-

pression for Q(t) giving a maximun infensity at t - 300 sec and a deeay to

Q O max/20att 1200 see. A function of the form

Uin




D) - QT (5.1)

where Qq, «v, and {1 are adjustable constants was first tried, but it was found
that it is not possible to fit the above conditions with such a function. The
closest approach to the required form is that plotted on Fig. 5.2, for a =
2:914,10 % and g = 3-787.10" %, which gives Q(1200) = Q max/5 considerably

larger than is desired. The conditions are more closely fitted by the function

) - Q127 (5.2)

with «= 1/150, which is also plotied in Fig. 5.2. For this function Q(1200) =

Q) max/25, which is less than Q max/20 as required. The constants Q, and Q.
of Egs. (5.1) and (5.2) are adjusted to give Q(300) = Q max. This gives Q,, -

Q max (9-2x10°%) " and Q' = Q max (1.22x10%) .

5.3 RESULTING HEIGHT AND ZENITIl ANGLE DEPENDENCE OF 10NIZING

FLUX

The effeet of an X-ray flare in eausing an SID depends on the ionization
produced at any position in the ionosphere. This is a function of height and
zenith angle of the sun at the time of the flare as well as of the ionizing flux.
However, the height and zenith angle dependence for a given X-ray flux has
already hcen considered and Figs. 3.3 through 3.9 show the ionization produeed
per erg. em © see”! of X-ray flux in terms of height, zenith angle, and wave-
length. By using these and the speetral distribution given in I"ig. 5.1, the ioniza-
tion produced at the maximum of the flare, that is, by a flux Q max lasting for
1 sec, has heen caleulated, and the result plotted on Fig. 5.3, By using this and
a temporal variation of the ionizing flux such as given by Egs. (5.1) or (5.2).

the ionizing flux during 2 moderate flare is eompletely speeified: that is, a

08




possible form of the behavior of the ionizing flux, consistent with the aveilable

experimental observations, is defined.

The slight irregularities superimposed upon the curves of Fig. 5.5 are
not of significance. In order to simplify the calculations, the X-ray flux, as
indicated on Fig. 5.1, was split up into bands ecenterced at 25, 16, 16, 6, 4, 2,

and 1A, The irregularities of Fig. 5.3 arc the result of this subdivision.
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SOLUTION OF THE BALANCE EQUATIONS DURING A FLARE

The cquations of balanee for thc ionosphere are

A

= e MY = AN < BV YT

dt q

dNT_ AV = VT~ BNV (5.3
dt

dv* 0 4O = BY*2

dt 9

where Q) is the ionizing flux during the flare and all other quantities are as
previously defined, the suffix q representing quiet conditions before the flare.
The solution of these equations is complicated, but all the necessary information
has been given. An approximate solution expressing N* as a step funetion with
5-sec. intervals can be obtained and a eomputer program was set up to do this
for a specific example, namely, the ease when the flare oceurs dircctly over-
head at the equator. The temporal variation of the X-ray flux is taken as given
by Eq. (5.2). The variation of N is thcn a series of steps followed by a rapid
decay to regain the attachment-detachment balance N /N - A/F. This ratio is
cffectively attained in less than 5 sec, so that before each addition of further
N?*, the value of N ean be given as N = T N*/A+F. This has also been computed

for the case X - o and heights of 410 to 100 km in 5-km increments, and the
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results plotted on Fig. 5.4, The quict clecetron densities before and alter the
flare are those of profile A in £7igs. 4.1 and 4.2; the simplification of neglecting
the temporal change in solar zenith angle is adopted. The results of ¥Fig. 4.2
suggest that this is not unreasonable for flares occurring within 13 hours

(410% sec) of noon. llowever, for times exceeding some 10* see the curves of
Fig. 5.4 are unrealistic. Interesting features of Fig. 5.4 are that, proportionately,
the maximum added ionization occurs at a height of about 85 kin; that the onset
time of the maximum incrcases as height decreases; and that, surprisingly
cnough, the persistence of the added ionization tends to decrease rather than

inerease with increasing height.
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6. TIHLE JONOSPIHERIC DISTURBANCE DUL
TO A NUCLEAR EXPLOSION IN SPACKE

6.1 INTRODUCTION

Bollen and Dyce (1961) point out that most of the encrgy (60 to 80 percent)
of a nuclear burst in space appears in the form of prompt X rays. This radi-
ation, in a manner very similar to that of the flux of solar X rays during an SiD.
produces copious ionization in the lowcr ionospherc. There are, however, three
differenccs between the disturbance due to a nuclear event and that eaused by a
natural SID. First, and most important, the time variations of the ienizing IMux
will be diffcrent; notably, the time from onsct to maximum flux will be almost
instantancous for the nuclear burst as compared with that for the natural SiD.
Second, the spectral distribution of the incident X ray flux will not be the same:
this will lead to differences in the ionization-height profile for the two types ol
incident. Third, since the burst will not be coincident with the sun, the depen-
dence upon zenith angle will differ, This latter point is illustrated in the geo-
mctry of Fig. 6.1. Suppose the burst, N, occurs upon the line joining the center
of the earth, O, and that of the sun, S, This situation is that likely to produce the
greatest similurity between the nuclear and the solar zenith-angle dependence.
Furthermore, for clarifieation, let C be an equatorial point, at the time ol
cquinox, experiencing loeal noon: A and D are the poles. The solar zenith angle.
Vs effectively equal to the latitude o, since the solar distance, D, is very much
greater than the radius of the earth, R, This is not true, however, for the nne-
lear angle, o, since, for the most likely situations, D1 R, where H is the height

of the burst above the surface ol the earth.

To show the variation of zenith angle with the height of a nuclear bnyst, the

values ol o for a hurst at 10° km and for one at10t km have heen tabnlated in
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Table 6.1 as a function of * . Tor the geometry of Fig. 6.1 It is chear that the
zenith-angle variation from the solar valne becomes appreciuble Tor explosions

fairly cltose to the carth.

Table 6.1

DIFFERENCE IN ZENITIH-ANGLE DEPENDENCI
FOR SOLAR AND NUCLEAR FVENTS

O a (- 107 km) a1 kimy
0 0 (0

10 10.8 16.5
20 21.4 BB
3 32.2 164
40 42,8 090
Ho o4 T2
60 65,6 Sal
70 3T 490
80 83.8

20 90

6.2 SPECTRAL DIFFERENCES

It is usual to assume that a nuclear burst in space will vadiate o pulse of
X ray s whose speetral distribution will correspond to that of o blacek body at a
temperature characteristic of the explosion  ‘Temperatures of between 0,16 and
1.25 kev have been considered by Bollen aud Dyee (1961). According to the
Wien displacement law. A\ 1 constant where \,, is the wavelength at which
maximum cnergy is radiated. Temperatores ol 1.25 and 016 kev correspond.
respectively. to values ol Aol about 2 and 16 L

In g, 6.2 the X-ray intensity incident at the surface of the earth for the
conditions of a quict sun and a moderate thave ave replotted hrom the informa
tion of Sces. 3 and b, For comparative purposces. the flux due to o T.6TRT burst

(I KT assnmed as energy in prompt X oravs), ol I-kev temperature. at o height

1oL




WAVE L_ENGTH — A

of 107K, is aiso shown, this curve is tor the sub-burst point ut the carth, that

is, for vertical incidence. 1t is evident that there are considerable differences

between the form of the Tlare curve (B) and that for the burst (C). As the size
and distance of the explosion are changed, the over-all magnitude of C will alter
if the temperature of the burst is modified, Curve C will slide up and down the
wavelengtih axis upon Fig, 6.2. Similarly, Curve B will change in size accord-
ing to the magnitude of the {lare, and there may also be variations in the spee-

tral distribution, although the knowledge of these, as emphasized in Scc. §, is

I
v

very scanty. llowever, it scems certain that a flare will always produce a flux
monotonically increasing with increasing wavelength over the range of 0.1 to
100A7 for the same limils in wavelength the flux due to a burst will rise to a
maximum (probably at a wavelength between 1 and 10R) and then deereasce as the
wavelength further increases. lgnoring the temporal variation, although it may

be conceivable for the X-ray flux from nuclear and solar disturbances Lo be

“ buv @®O
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FIG. 6.2 X-RAY FLUX FOR THREE DIFFERENT TYPES OF SOURCE
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similar over a wide range of wavelengths (for example, by an effective super-
position of the lower parts of Curves B and C), it seems impossible for this
similarity to extend over the whole wavelength band from 0.1 to 1008. These
differences in spectral distribution inevitably have ionospheric consequences

which should be detectable.

As an example of the ionization differences that can result from a spectral
variation, tue electron densities produced by the nuclear flux (Curve C of Fig.
6.2) and during 1 sec by the flare-associated flux (Curve B of Fig. 6.2), assum-
ing no losses by recombination or attachment, are plotted on Fig. 6.3. Both
curves give maximum electron densities of the order of 102 for heights below
100 km, but the height of the maximum for the specific nuclear example is much
less than that for the flare-produced ionization, This could have widely differ-
ent consequences upon radio wave propagation. For instance, VLF propagation
is controlled during daytime by an electron density of about 102 cm™2 at a
height of some 70 km, The added ionization in a second at 70 km due to the
flare is small compared with 10%; thus the effects on VLF propagation would be
minor. However, for the nuclear instance the enhancement in ionization at 70 km
is comparable with that already present; in consequence, the modifications in

VLF propagation would be very considerable.

The difference in spectral distribution of the flux due to a solar flare and
that hie to a nuclear burst will also rcsult in considerable differences in zenith-
angle dependence of the resulting ionization. A height of 10° km. as used by
Bollen and Dyce (1961) for the nuclear burst, has been considered, for a
1.67KT nuclecar burst at 1-kev temperature, which gives a 1-KT yield of X rays
having the spectral distribution shown on Curve C of Fig. 6.2. Using this curve
and interpolating from the curves of Figs. 3.3 through 3.8. the ionization
produced at the angles, a, given on Table 6.1, corresponding to e = 0°, 20°, 40°,

60°, and 80° has been calculated for heights from 40 to 100 km and the results
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plotted on Fig, 6.4. The irregularities of Fig. 6.4 are probably introduced by
approximating the continuous X-ray spectrum by a definite flux at each of
several discrete wavelengths (the same is true of the calculations of the
ionization due to a solar flare shown on Figs, 5.3 and 6.3). A comparison of
the curves of Fig. 6.4 with those of Fig. 5.3 shows considerable differences in
over-all behavior, in both the zenith-angle and height dependence of the

ionization.

It may be concluded that, even if the X-ray flux during an unusually abrupt
solar flare occurred in a burst of magnitude and duration, as observed by
detectors at the earth, comparable with that associated with a nuclear burst in
space, then differences in the spectral distribution of the X radiation would pro-
duce corresponding ionospheric variations which could be distinguished hy

radio methods.

6.3 THE DECAY OF IONIZATION FOLLOWING A NUCLEAR BURST IN SPACE

If the pre-existing ionization is neglected, and the deposition of ionization by
the nuclear burst taken as instantaneous, with zero production before and after
the explosion, then the ionospheric balance equations with B = E are of a very

simple form:

dN
— = AN = BVYN*+ FN~
de
AN AN = FN" - BN°N*
dt
d:\" = — B‘\,’ -
dt
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with the solutions

/
+ » o

Tl N B
0

N

= ——20  JF+Adexp(-(4+F
(A+F)(l+f\/'oRl) + / etp(( +r)t)

N A 5 1
= el e Al —exp (- (4 4 F
(4 + FX1+ N RO 11 exp (- {d +”t)g

where N, is the positive-ion or electron density produced at time t = O,

The variation of N with time is plotted in Figs. 6.5 through 6.10 for values
of N, of 102, 10%, 104, and 10°, and heights at 10-km intervals between 60 and
100 km. Both day and night circumstances are shown. X is taken as 0° during
the day. It is evident that the decay of the electron density often has three main
phases. Initially, the loss of electrons is primarily by attachment, until a quasi-
balance of attachment and detachment processes has been established, with a
corresponding partition, almost independent of N, of negatively charged part-
icles between electrons and negative ions. Subsequently, there is a plateau
during which the electron density remains approximately constant; the duration
of the plateau depends upon the height and upon N,. Finally, the decay phase of
the negative and positive carriers by recombination takes over. There is then
a strong tendency for the curves for different values of N, to approach each
other; in other words, the remaining electron density after a very long time is
independent of N,. It is noteworthy that the duration of the excess ionization
does not increase entirely systematically as the height increases; this is excm-

plified on Fig. 6.10 for the night curves.
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The treatment is altcred somewhat if, with all other conditions unchanged,
the effects of a constant rate of production of ionization before and aftcr the ex-
plosion and the rcsulting equilibrium value of the ionization are included. The

appropriate equations are

PAY
— O AN+ FN™ = BYN*
dt
AN AN Z FNT - BNTN®
dt

ANY L o opye
dt

with the initial conditions that N = N, + Nq, N* = N, + Nq“, N- = Nq‘ at time
t = 0. Suffix q gives the equilibrium values for the quiet-sun conditions which

were considered in Sec. 3. By writing N, = KN_ and considering, for example,
heights of 60-70 km, it is found that for K <100 it is possible to solve thesc equa-
tions approximately by considering two separate stages in the return to equili-
brium conditions, as suggested by Swift (1961). In the first stage, the effects of
recombination and thc steady ionization are neglected so that N* remains sensi-
bly constant while there is a rapidly achieved balance of attachment and detach-
ment resulting in the ration N°/N = A/F, which is then maintained. The second
stage consists of a slow decay of electrification to the equilibrium values, by re-

combination. The solutions are then, for the first stage
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N = _lwa [(K + ])I‘+'l(l n Ke_(’i + I")l)] ,
A+ F

A+ F

‘

R S L N P SR Iy B
® q q q Fs

and N™ = NY-N;

and for the second stage

/\'q+ [:Z’Vq* + ND(] 42 \/_116 ,)]

I)V* = _ s
AR (1-e2VB0 Y
FN*
N = -
A+ F
ANT
and N = .
A+ F

For the above treatment to be valid, it is nccessary that N*docs not
change appreciably during the short time during which the ratio N7/N is becom-
ing insignificantly different from A/F. Two conditions are involved. The first

is that
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FI(K+ 1)+ 4

4K

la+s e

which gives

AK

t >> —— In - -
> A+ F nA+(K+1)F

The second condition is satisfied when

2 +
R L A A R\ A

A+ )2

N, (N, + NS+ D)
which is obeyed for t such that

2 [0 34 + F)?
<< k 20
¢ KiF 44+ P)?

These together require K to be such that

AK 34+ P8

1_
KZFT 4 (A + F)?

< — .
AvK+0F TP Y oB0 (K224 (4 + F)2)

With K<100 and values of the parameters A, F, B, and Q appropriate for heights

of 6C to 70 km, the above inequality is certainly satisfied.

The solutions for K = 1 and K = 10 at heights of 60, 65, and 70 km have

been plotted in Figs. 6.11 and 6.12 using the values of the constants for zenith

\
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angle and magnetic dip angle both zero, that is, neglecting any variation in Q

and F due to changing zenith angle during the time of the return to equilibrium.
For comparison, the curve obtained neglecting Q for a similar initial value of
total ionization has also been drawn (Fig. 6.11) corresponding to the case K = 10
and a height of 70 km., It is seen to be almost identical in the initial stages, but
differs greatly as t increases so that the effect of the steady Q begins to show.
The differences are in the later recombination stage rather than in the earlier
stage of partition of the negative carriers between electrons and negative ions.
Further calculations showing the importance of considering pre-existing ioni-
zation are included in Appendix I, in which the relevance of the present work to

two recent reports by Westfall and by LeLevier is considered.
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7. SUMMARY AND CONCLUSIONS

This report is primarily designed to provide a survey of the phenomenology

of SEAs and a background of ionospheric theory for use in further work. It is

not intended to be a self-contained and complete entity. However, it is still

desirable to summarize the major points that have emerged. These arc:

®

@)

©)

“)

(6)

There is an association but no rigid interconnection between the various
SID phenomena accompanying a solar flare.

SEAs have an average rise time of about 10 min. Rise times of less
than 2 min are relatively rare, but occur upon the average at a rate
of perhaps one every two months.

SEAs due, respectively, to a solar disturbance and to a local thunder-
storm have considerablc similarity. The best way of differentiation
is to use the fact that an SEA preduced by thundery activity gives an
enhancement at all frequencics; the SEA accompanying an SID has
an enhancement at frequencies exceeding 20 kc and a dccrease in
noise for frequencies less than 10 kc.

There are considerable differences in the temporal behavior during

an SEA at frequencies of 10 and 27 ke. 1t seems probable that the 10-ke
noise is influcnced by ionization at a lower level than is the casc for

a frequency of 27 ke. This implies that the significant ionizing radi-

ations and the speed of ionospheric recovery are different for the two
frequencies.

The interesting behavior as a function of frequency during an SFA
suggests that simultancous observations at many frequencies in the
VLF band would be valuable.

A survey of information on the rate cocflicients for the lower ionosphere
suggests that the values of the attachment cocefficient are well established.
As regards detachment, photodetachment is dominant by day at heights
exeeceding 60 km; below this level, collisional detachment seems signif-
icant. At mght collisional detachment dominates below 70 lim while
associative detachment is probably important at greater heights. The
eleetron-ion and ion-ion recombination cocfficients are of comparable
nurgnitude and do not vary much with height. Conscquently, the consid-
crable simplification in ionospheric theory of regavding the two recom-
hination cocflicients as equal and constant scems valid,
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(7) The major ionizing agencices in the lower ionosphere are solar X rays,
solar Lyman ¢, und cosmice rays. The latter is the only significant in-
{luence at night, and even by day is dominunt below 60 km. In daytime
and Jor heights hetween 60 and 80 km, the three agencies are of com-
parable strength; above 80 ki, X rays arc most important. These
conclusions arc for a pertod near solar maximum: there are indications
that the significance of solar X rays relative to solar Lyman o may
deercase with sunspot number.

(8) The balanee cquitions for the lower ionosphere can be solved casily,
assuming no vertical transport of ionization and equating the recombi-
nation coefficients. By day the equilibrium condition corresponding to
a very slow rate of change of ion density is closcly approached; at
night, however, decay of the ionization from an equilibrium daytime
value must be considered. There are considerable global asymmetries
in cleetron density contours. Generally speaking, however, two eleetron
layers can be identificd at night; one centered at about 55 km is duc to
cosmic rays, while above some 80 km ionization produced during the
day persists throughout the night. With the onset of daytime conditions,
the ionization abovc 65 km increases rapidly.

(9) A paramecter, w,, which may be considered as an effective ionosphcric
conductivity, defines thc upper boundary of the earth-ionosphere wave-
guide system involved in VLF propagation. Conversion of electron
density contours into contours of w, shows that thcse arc not parallel
to the surface of the earth, particularly by day. KFor meridional propa-
gation the contours of w, are very different aecording to whether the
lerm in w, involving the earth's magnetie ficld is included or neglceted.

(10) During a moderate solar flare the flux of X rays affecting the lower
ionosphcre increases by a factor of perhaps twenty. The flux rises to
its maximum in a time of some 5 minutcs; the subsequent decay occupics
about 15 minutes. The X-ray flux produccs its greatest proportionate
increase in ionization (by a factor of about four) at a height ncar 80 km.
The time to reach maximum electron density varies between 300 and
1000 sec. according to height; the greatest lag is at the lower heights.
Surprisingly enonugh, the rate of decay of the added ionization tends to
increase with increasing height.

(11) A nuclear burst in spaece emits a flux of X rays that differs in three
significant respeets from the flux associated with a solar llare.
First,--and most important--the onsct is immediate. Secord, the
spectrum of the nuclear Thux is conecentrated more towards encrgetic
X rays than is the solar flux. Third, the zenith-angle dependences are
different. The more energetic spectrum implies the production of
tonization il low levels in the jonosphere. Combined with the sndden
onset, this means that the ionization changes at a height of 70 km, a
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(12)

(13)

(14)

controlling level in daytime VLF propagation, are far more rapid during
a nuclear burst than during a solar flare.

After the sudden deposition of ionization in the lewer ionosphere by a
nuclear burst in space, three decay phases can often be identificd: thc
establishment of an initial partition of negative carriers between elec-
trons and negative ions; a plateau stage during which there is little
change in elcctron density; and a final phase in which rccombination
processes control the decay. The pre-existing ionization has consider-
able influence upon the decay, especially during the recombination phase.

If a specific elcctron density is suddenly deposited, as by a nuclear
burst, at differcnt levels in the ionosphere, there are apparent anoma-
iies in the decay of the ionization. When account is taken of the pre-
existing ionization, thc rate of decay does not decrease systematically
as height increases, as might be anticipated. The exact specification
of this anomalous behavior depends critically upon the values assumed
for the rate coefficients and for the quiet-statc ion production. An
example, for heights of 70, 75, and 80 km, shows that in the attachment-
detachment phase electrons are lost more rapidly at the lower heights.
The contrary is the case for the recombination phase, so that ultimately
the greatest electron density exists at 70 km.

It is shown that the departures from parallelism of thc earth and
ionosphere boundaries for the waveguide theory of VLF propagation
have significant implications. The true attenuation coefficient can
differ from an average value, deduced for an ionospheric boundary

of constant height, by 10 percent or more according to the time of day.
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APPENDIX I

REPORTS BY WESTFALL AND LELEVIER

I.1 GENERAL

Since the completion of much of the work of this report, two important
relevant reports have become available, and it is worthwhile comparing their
results with those already stated. The first of these, by Westfall (1962) deals
with the variation of the electron density in the ionosphere caused by an SID, in
particular as observed in the sudden phase anomaly (SPA) occurring in VLF
propagation. From observations of this phenomenon it is possible to calculate
the changes in the effective height of reflection for a given frequency, which can
then be related to electron density at that height. Two points arise that are of
interest here. The first is that, as for the SCNA and SEA statistics considered
in Sec. 2, the SPA observations did not indicate that there is any close correlation
between the visible Ho-flare and the ionizing flux, either in tempcval behavior
or magnitude. A lack of correlation is also noted in comparing the ionizing flux
to 2800-Mc solar noise bursts, although all three phenomena are generally re-
lated and are products of a disturbed state of the sun. Second, Westfall's de-
ductions of spectral behavior during a flare are worth noting. The relation
between X-ray flux and electron density produced is considered to be that given
by Pierce and Swift (1960). The rate coefficients used in that report are con-
siderably different from those given in Sec. 3 of this report, but the same gen-
cral behavior, a nonlinear decrease in electron production with increasing solar
zenith angle and decreasing ionospheric height, is found with the modified para-
meters as was obtained with the Pierce and Swift (1960) values. The solar
zenith-angle depcndence of the electron density caused by an SID is largely re-
Inted to the spectral content of a flare. Because the relationship between solar

zenith-angle difference and the difference in clhange of height of reflection
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between two paths during a flare varies for different flares, Westfall concludes
that the spectral content of the X~ray flux is variable. The treatment of Sec, 5
assumes, for simplicity, a specific spectral distribution although stating that
thie is not necessarily maintained, even during the coursc of a single flare.
Variations in spectral distribution between individual flarcs are certainly to be
anticipated and would account for Westfall's observations. Therc are, however,
other factors involved which could also be considered in explaining the varia-
tions noted. For example, the actual zenith angle and the latitude of the path will
cause differences in the original pre-flare reflection height over that path, and

the change in height caused by a given X-ray flux is height dependent.

A second and more closely related report is that of R. E, LeLevier (1962)
which covers essentially the material of Sec. 6.3, A summary of the rate co-
efficients involved in determining ionospheric balance conditions is made, but
it is not as detailed as that of Sec. 3. A brief comparison of the values obtained

is made here.

.2 ATTACHMENT (A)

LeLevier considers A to be solely due to a three-body attachment process
whereas in Sec. 3 it is found that, above about 80 km, radiative attachment to
O, and also attachment to atomic oxygen become significant. Figure 1.1 gives

an approximate comparison of the two sets of values.

1.3 ELECTRON-10ON RECOMBINATION (B)

LeLevier uses the value of 4 x 10”7, corresponding to recombination with
0,", which is approximately the upper bound given in Sec. 3. This is an order of
ten greater than that used throughout this report (B = 4 x 10°° ), a difference
which considerably modifics the results obtained whcan considering the decay of

ionization. The reasons for the value employed in this report are given in Sec. 3.
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[.4 [ON-ION RECOMBINATION (E)

In most of the calculations of this report E is taken as equal to B, and is
therefore given by 4 x 10-% LeLevier carries out his analysis twice, in one
case equating E to B, and in the other using E = O. However the differencc in B
alrcady noted results in a different E even when the same assumption (i.e., E =

B) is made.

1.5 DETACHMENT (F)

In this report F = C + D where C is the term due to photodetachment and D
is the sum of collisional and associative detachment. The figures given show D
to be significant below about 70 km, whereas LeLevier considers it is negligible
and includes only photodetachment from the O, ion. This differs even from the
C term of this report, because above 80 km the contribution of detachment from
the O7 ion is appreciable. LeLevier makes no mention of zenith-angle dependence,

implicitly assuming a zenith angle of zero in his value of the photodetachment

coefficient.

The values of the ambient electron density (N ,) have been shown in Sec. 3
to vary with latitude and zenith angle as well as with hcight. In Fig, I.2 LeLevier's

assumed electron density profile is compared with that obtained for quiet-sun

conditions and latitude and zenith angle both zero.

LeLevier obtains an exact solution for the decay of ionization after a sudden
deposition of ions which gives the same result as the approximate solution of
Sec. 6.3. This is true during both stages of the decay, in all the cases con-
sidered, using either set of parameters, since the most important condition,
VBQ<<A + F, holds. Thus any differenccs in results obtained arc due to the
different choice of values for the parametcrs. Choosing the height 67 km, at
which the ambient electron densitics of Fig. 1.2 are equal, the decay of ioniza-
tion after a deposition of 10* elcctrons/cm® has been calculated using both sets

of parameters. The excess ionization (N-N,) is plotted on logarithmic scale in
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Figurc [.3, Figure 1.4 shows thc total elcctron densities for comparison with

earlier figures in this report.

One of the most interesting features of LeLevier's work is his confirmation
of an effect originally noted by Bocher and Crain (1962). This work showed that
if a certain density of elcctrons is suddenly added at different levels in the
lower ionosphere, then the ratc of decay of the additional ionization docs not
decrease steadily as height increases, as might be expected. Therc are regions
where the persistence of the ionization is greater than the levels above or below.
Booker and Crain found that these apparently anomalous persistence effects are
especially marked when account is taken--as it obviously should be--of any pre-
existing steady ionization. Figure 6,10 (night) shows, however, that these

anomalies can be present even when the pre-existing ionization is ignored.

For daytime conditions and with the parameter B = E = 4 x 1077 LeLcvier
gives curves showing that the decay of an added 103 electron/cm? is less rapid
at 75 km than it is at 70 or 80 km. A similar analysis has been performed with
the parameters of the present report (notably B = E'=4 x 1078 ) and the results
are shown in Fig. 1.5, those of LeLevier also being given for comparison. Dur-
ing the phase in which the attachment-detachment balance is being established,
that is up to between perhaps 10 and 100 sec, both sets of results show that the
proportion of the ionization persisting increases with increasing height. How-
ever, for times between 10° and 10* sec when the ion decay phase has taken
over, LeLevier's parameters, as already mentioned, lead to a greater electron
dcnsity at 75 km than at 70 or 80 km. When the Pierce parameters are em-
ployed, the even more surprising result is obtained that the persisting electron

density in the ion decay phase becomes greater at 70 km than it is at either 75

km or 80 km.

Tt is evident that these apparently anomalous persistencc effects are quite
common. Also, it is difficult to establish their exact magnitude and significancce

without precise knowledge of such quantities as the ambient electron density,
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the quiet-state ion production, and--most important--the rate coefficients.
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Appendix 1

THE EFFECT OF VARIABLE IONOSPHERIC HEIGHT ON VLF PROPAGATION

The waveguide modc theory of VLF propagation has been largely formulated
in terms of an ionosphere parallel to the surface of the carth. Comparatively
little consideration has been given to analysis of the influence of variable iono-
spheric height, although Wait (1961) has examined the influence of a local pertur-
bation. Wait (1962) has also treatcd thc case of transition from day to night prop-
agation, by conceiving the problem to bc of propagation in two parallcl-plate

waveguidc regions connected by a tapered section.

It is evidcnt from the rcsults deducced in Secs. 4, 5, and 6 of this report that
contours of equal electron density in the lower ionosphere are not parallel to the
carth's surface. This is true both for quiet conditions and also when the ionosphere
is disturbed either by natural or nuciear events. The deviations from parallelism
are comparatively gradual except near a sunrise zone. Nevertheless, when prop-
agation over great distances is involved, as is commonly thc case at VLF, the

deviations certainly have appreciable influencec.

A specific value of the parameter w, , which is directly related to the ionos-
pheric conductivity, is convenient in defining the upper boundary of thc waveguide.
Suppose w, is chosen to be 10°> cps. Then the carth-ionosphere guide is taken to
be sharply bounded at the height for which w, = 10°: abovc this hcight the ionos-
pheric conductivity is assumed to be uniform, while bclow the level of w, = 10°,

w, is taken to be zcro. In order to illustrate the variation in height of the contour
w,~ 10°, Fig. IL.1 has becn constructed. This shows the level w, = 10° as a function
of zenith angle (rclative longitude) for propagation around the equator at an equinox
and under quict ionospheric conditions. The results used in preparing Fig. IL1
were derived in Sec. 4. 1t is noteworthy that the curve for height versus zenith

angle is asymmetric, with the greatest slope at sunrise.
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Wait (1961) treated a iocal perturbation by posiulating o cosine function lor
the variation of ionospheric height with horizontal distance. The same type of
approach can legitimately be applied over much greater distances to obtain
order of magnitude estimates for the influence of the ionospheric height varia-

»lity. Some calculations have been made lor the height variation represented by

90
MY = u— b cos <){'> ({1.1)

where 9 is the zenith angle (relative longitude) in degrees. This eurve is plotted
on Fig. IL.1 for the values of the constants a = 73 and b = 6.5, h (o), the height,
being in kilometers. In the mode theory of VLF propagation, the major contri-
bution to the deereasec in amplitude with distanec in a mode arises from a factor
exp (-a x), where X is the distanee and ¢ the attenuation eoefficient. For the
least attenuated mode (n = 1), the attenuation factor, «, is given approximatcly

(Wait 1957) by

2
/W o A -
a - t r ) neper/lm (li.2)
/ o) / 1620t
AY W, Vo om PO 2

/

where wis the angular frequency being propagated, A the corresponding wave-

length, and h the ionospheric height.
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When the ionospheric height is variable, Eq. (11.2) must be modificd by the

inclusion of an integral. The attenuation {actor between x and X, is then given by

kY

/ 2 T
‘ e A 1 2 Ix
N T A . f Ly (11.3)
b Voo, @ JI6Y2 (v-x) (hx))
1

If the height variation of Eq. (II.1) is adopted, the integral can be evaluated in
closed form (x = 6 R, where R is the radius of the earth). The results obtained

atl a frequeney of 10 ke are given in Table 11.1,

Table II.1

INFLUENCE OF VARIABLE IONOSPHERIC HEIGHT
ON ATTENUATION COEFFICIENT

o, (degrees) o, (degrees) h (km) h2 &m) a (db/ 1000 km)
0 40 66.5 68.4 2.34
40 60 68.4 70.5 2.24
60 80 70.5 73.1 1.91
80 100 721 75.7 1.75
100 120 75.7 77.6 1.58
120 140 77.6 79.0 1.44

IFor a height of 70 km, which is that eommonly adopted in daytime VLF propaga-
tion, the attenuation coefficient as derived from Eq. (11.2) is 2.08 db/1000 km.

A comparison of this value with the figures in Table 1.1 shows that the attenua-
tion cocfficient ean differ according to the time of day by some +10 nercent from
the average daytime valuc. The same result ean be derived very simply from
Iq. (IL.2). Since the W, 10° Tevel shown in Fig. 1.1 is about 68.5 km at noon
and near 71 km at 16.00 (o 607). it follows from Eq. (i1.2) that the ratio of

. . . . . g
attenuation coefficients at these times is (71/68.5) ~ 1.1




Obviously the asymmetrie curve of Fig. 1.1 for a leve! of eonstant ., can
be better approximated by expressions other than that of Eq. (11.1). IHowever,
the above analysis is perhaps sufficient to indicatle the potential errors implieit
in assuming the attenuation coefficient to be constant throughout the day (or
night, for that matter). Certainly with a long path, for which the solar zenith
angle is significantly differcnt from the average value over the day, the use of

a mean daytime atienuation coefficient ean lead io appreciable inaccuracies.
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